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7.1 Organic Liquid Storage Tanks 
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7.1.1 Process Description^ 

Storage vessels containing organic liquids can be found in many industries, including 
(1) petroleum producing and refining, (2) petrochemical and chemical manufacturing, (3) bulk storage 
and transfer operations, and (4) other industries consuming or producing organic liquids. Organic 
liquids in the petroleum industry, usually called petroleum liquids, generally are mixtures of 
hydrocarbons having dissimilar true vapor pressures (for example, gasoline and crude oil). Organic 
liquids in the chemical industry, usually called volatile organic liquids, are composed of pure 
chemicals or mixtures of chemicals with similar true vapor pressures (for example, benzene or a 
mixture of isopropyl and butyl alcohols). 

Six basic tank designs are used for organic liquid storage vessels: fixed roof (vertical and 
horizontal), external floating roof, domed extemal (or covered) floating roof, internal floating roof, 
variable vapor space, and pressure (low and high). A brief description of each tank is provided below. 
Loss mechanisms associated with each type of tank are provided in Section 7.L2. 

The emission estimating equations presented in Section 7.1 were developed by the American 
Petroleum Institute (API). API retains the copyright to these equations. API has granted permission 
for the nonexclusive; noncommercial distribution of this material to governmental and regulatory 
agencies. However, API reserves its rights regarding all commercial duplication and distribution of its 
material. Therefore, the material presented in Section 7.1 is available for public use, but the material 
cannot be sold without written permission from the American Petroleum Institute and the U. S. 
Environmental Protection Agency. 

7.1.1.1 Fixed Roof Tanks - 

A typical vertical fixed roof tank is shown in Figure 7.1-1. This type of tank consists of a 
cylindrical steel shell with a permanently affixed roof, which may vary in design from cone- or dome- 
shaped to flat. Losses fi-om fixed roof tanks are caused by changes in temperature, pressure, and 
liquid level. 

Fixed roof tanks are either freely vented or equipped with a pressure/vacuum vent. The latter 
allows the tanks to operate at a slight internal pressure or vacuum to prevent the release of vapors 
during very small changes in temperature, pressure, or liquid level. Of current tank designs, the fixed 
roof tank is tfie least expensive to construct and is generally considered the minimimi acceptable 
equipment for storing organic liquids. 

Horizontal fixed roof tanks are constructed for both above-ground and underground service 
and are usually constructed of steel, steel with a fiberglass overlay, or fiberglass-reinforced polyester. 
Horizontal tanks are generally small storage tanks with capacities of less than 40,000 gallons. 
Horizontal tanks are constructed such that the length of the tank is not greater than six times the 
diameter to ensure structural integrity. Horizontal tanks are usually equipped with pressure-vacuum 
vents, gauge hatches and sample wells, and manholes to provide access to these tanks. In addition, 
underground tanks may be cathodically protected to prevent corrosion of the tank shell. Cathodic 
protection is accomplished by placing sacrificial anodes in the tank that are connected to an impressed 
current system or by using galvanic anodes in the tank. However, internal cathodic protection against 
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corrosion is no longer widely used in the petroleum industry, due to corrosion inhibitors that are now 
found in most refined petroleum products. 

The potential emission sources for above-groimd horizontal tanks are the same as those for 
vertical fixed roof tanks. Emissions fi*om underground storage tanks are associated mainly with 
changes in the liquid level in the tank. Losses due to changes in temperature or barometric pressure 
are minimal for underground tanks because the surrounding earth limits the diurnal temperature 
change, and changes in the barometric pressure result in only small losses. 

7.1.1.2 External Floating Roof Tanks - 

A typical external floating roof tank (EFRT) consists of an open- topped cylindrical steel shell 
equipped with a roof that floats on the surface of the stored liquid. The floating roof consists of a 
deck, fittings, and rim seal system. Floating decks that are currently in use are constructed of welded 
steel plate and are of two general types: pontoon or double-deck. Pontoon-type and double-deck-type 
external floating roof tanks are shown in Figures 7.1-2 and 7.1-3, respectively. With all types of 
external floating roof tanks, the roof rises and falls with the liquid level in the tank. External floating 
decks are equipped with a rim seal system; which is attached to the deck perimeter and contacts the 
tank wall. The purpose of the floating rooif and rim seal system is to reduce evaporative loss of the 
stored liquid. Some annular space remains between the seal system and the tank wall. The seal 
system slides against the tank wall as the roof is raised and lowered. The floating deck is also 
equipped with fittings that penetrate the deck and serve operational functions. The external floating 
roof design is such that evaporative losses fi-bm the stbre:d liquid are limited to losses firom the rim 
seal system and deck fittings (standing storage loss) and any exposed liquid on the tank walls 
(withdrawal loss). 

7.1.1.3 Internal Floating Roof Tanks - 

An internal floating roof tank (IFRT) has both a permanent fixed roof and a floating roof 
inside. There are two basic types of internal floating roof tanks: tanks in which the fixed roof is 
supported by vertical columns within the tank, and tanks with a self-supporting fixed roof and no 
internal support columns. Fixed roof tanks that have been retrofitted to use a floating roof are 
typically of the first type. External floating roof tanks that have been converted to internal floating 
roof tanks typically have a self-supporting roof Newly constructed internal floating roof tanks may be 
of either type. The deck in intemal floating roof tanks rises and falls with the liquid level and either 
floats directly on the liquid surface (contact deck) or rests on pontoons several inches above the liquid 
surface (noncontact deck). The majority of aluminum intemal floating roofs currenfly in service have 
noncontact decks. A typical intemal floating roof tank is shown in Figure 7.1-4. 

Contact decks can be (1) aluminum sandwich panels that are bolted together, with a 
honeycomb alxmiinum core floating in contact with the liquid; (2) pan steel decks floating in contact 
with the liquid, with or without pontoons; and (3) resin-coated, fiberglass reinforced polyester (FRP), 
buoyant panels floating in contact with the liquid. The majority of intemal contact floating decks 
currently in service are aluminum sandwich panel-type or pan steel-type. The FRP decks are less 
common. The panels of pan steel decks are usually welded together. 

Noncontact decks are the most common type currently in use. Typical noncontact decks are 
constructed of an aluminum deck and an aluminum grid framework supported above the liquid surface 
by tubular aluminum pontoons or some other buoyant structure. The noncontact decks usually have 
bolted deck seams. Installing a floating roof minimizes evaporative losses of the stored liquid. Both 
contact and noncontact decks incorporate rim seals and deck fittings for the same purposes previously 
described for external floating roof tanks. Evaporative losses from floating roofs may come fi-om deck 
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fittings, nonwelded deck seams, and the annular space between the deck and tank wall. In addition, 
these tanks are freely vented by circulation vents at the top of the fixed roof The vents minimize the 
possibility of organic vapor accumulation in the tank vapor space in concentrations approaching the 
flammable range. An internal floating roof tank not freely vented is considered a pressure tank. 
Emission estimation methods for such tanks are not provided in AP-42. 

7.1.1 .4 Domed External Floating Roof Tanks - 

Domed external (or covered) floating roof tanks have the heavier type of deck used in external 
floating roof tanks as well as a fixed roof at the top of the shell like internal floating roof tanks. 
Domed external floating roof tanks usually result from retrofitting an extemal floating roof tank with a 
fixed roof This type of tank is very similar to an internal floating roof tank with a welded deck and a 
self supporting fixed roof A typical domed extemal floating roof tank is shown in Figure 7.1-5. 

As with the internal floating roof tanks, the function of the fixed roof is not to act as a vapor 
barrier, but to block the wind. The type of fixed roof most conunonly used is a self supporting 
aluminum dome roof, which is of bolted construction. Like the internal floating roof tanks, these 
tanks are freely vented by circulation vents at the top of the fixed roof The deck fittings and rim 
seals, however, are identical to those on extemal floating roof tanks. In the event that the floating 
deck is replaced with the lighter IFRT-type deck, the tank would then be considered an internal 
floating roof tank. 

7.1.1.5 Variable Vapor Space Tanks - 

Variable vapor space tanks are equipped with expandable, vapor reservoirs to accommodate 
vapor volume fluctuations attributable to temperature and barometric pressure changes. Although 
variable vapor space tanks are sometimes used independently, they are normally connected to the 
vapor spaces of one or more fixed roof tanks. The two most common types of variable vapor space 
tanks are lifter roof tanks and flexible diaphragm tanks. 

Lifter roof tanks have a telescoping roof that fits loosely around the outside of the main tank 
wall. The space between the roof and the wall is closed by either a wet seal, which is a trough filled 
with liquid, or a dry seal, which uses a flexible coated fabric. 

Flexible diaphragm tanks use flexible membranes to provide expandable volume. They may 
be either separate gasholder units or integral units mounted atop fixed roof tanks. 

Variable vapor space tank losses occur during tank filling when vapor is displaced by liquid. 
Loss of vapor occurs only when the tank's vapor storage capacity is exceeded. 

7.1.1.6 Pressure Tanks - 

Two classes of pressure tanks are in general use: low pressure (2.5 to 15 psig) and high 
pressure (higher than 15 psig). Pressure tanks generally are used for storing organic liquids and gases 
with high vapor pressures and are found in many sizes and shapes, depending on the operating 
pressure of the tank. Pressure tanks are equipped with a pressure/vacuum vent that is set to prevent 
venting loss from boiling and breathing loss from daily temperature or barometric pressure changes. 
High-pressure storage tanks can be operated so that virtually no evaporative or working losses occur. 
In low-pressure tanks, working losses can occur with atmospheric venting of the tank during filling 
operations. No appropriate correlations are available to estimate vapor losses from pressure tanks. 
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7.1.2 Emission Mechanisms And Control 

Emissions from organic liquids in storage occur because of evaporative loss of the liquid 
during its storage and as a result of changes in the liquid level. The emission sources vary v^ith tank 
design, as does the relative contribution of each type of emission source. Emissions from fixed roof 
tanks are a result of evaporative losses during storage (known as breathing losses or standing storage 
losses) and evaporative losses during filling and emptying operations (known as working losses). 
External and internal floating roof tanks are emission sources because of evaporative losses that occur 
during standing storage and withdrawal of liquid from the tank. Standing storage losses are a result of 
evaporative losses through rim seals, deck fittings, and/or deck seams. The loss mechanisms for fixed 
roof and external and internal floating roof tanks are described in more detail in this section. Variable 
vapor space tanks are also emission sources because of evaporative losses that result during filling 
operations. The loss mechanism for variable vapor space tanks is also described in this section. 
Emissions occur from pressure tanks, as well. However, loss mechanisms from these sources are not 
described in this section. 

7.1.2.1 Fixed Roof Tanks - 

The two significant types of emissions from fixed roof tanks are storage and working losses. 
Storage loss is the expulsion of vapor from a tank through vapor expansion and contraction, which are 
the results of changes in temperature and barometric pressure. This loss occurs without any liquid 
level change in the tank. 

The combined loss from filling and emptying is called working loss. Evaporation during 
.filling operations is a result of an increase in the liquid level in the tank. As the liquid level increases, 
the pressure inside the tank exceeds the relief pressure and vapors are expelled from the tank. 
Evaporative loss during emptying occurs when air drawn into the tank during liquid removal becomes 
saturated with organic vapor and expands, thus exceeding the capacity of the vapor space. 

Fixed roof tank emissions vary as a function of vessel capacity, vapor pressure of the stored 
liquid, utilization rate of the tank, and atmospheric conditions at the tank location. 

Several methods are used to control emissions from fixed roof tanks. Emissions from fixed 
roof tanks can be controlled by installing an internal floating roof and seals to minimize evaporation of 
the product being stored. The control efficiency of this method ranges from 60 to 99 percent, 
depending on the type of roof and seals installed and on the type of organic liquid stored. 

Vapor balancing is another means of emission control. Vapor balancing is probably most 
common in the filling of tanks at gasoline stations. As the storage tank is filled, the vapors expelled 
from the storage tank are directed to the emptying gasoline tanker truck. The truck then transports the 
vapors to a centralized station where a vapor recovery or control system is used to control emissions. 
Vapor balancing can have control efficiencies as high as 90 to 98 percent if the vapors are subjected to 
vapor recovery or control. If the truck vents the vapor to the atmosphere instead of to a recovery or 
control system, no control is achieved. 

Vapor recovery systems collect emissions from storage vessels and convert them to liquid 
product. Several vapor recovery procedures may be used, including vapor/liquid absorption, vapor 
compression, vapor cooling, vapor/solid adsorption, or a combination of these. The overall control 
efficiencies of vapor recovery systems are as high as 90 to 98 percent, depending on the methods used, 
the design of the unit, the composition of vapors recovered, and the mechanical condition of the 
system. 
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In a typical thermal oxidation system, the air/vapor mixture is injected through a burner 
manifold into the combustion area of an incinerator. Control efficiencies for this system can range 
from 96 to 99 percent. 

7.1.2.2 Floating Roof Tanks^'-^ - 

Total emissions from floating roof tanks are the sum of withdrawal losses and standing storage 
losses. Withdrawal losses occur as the liquid level, and thus the floating roof, is lowered. Some 
liquid remains on the inner tank wall surface and evaporates. For an internal floating roof tank that 
has a column supported fixed roof, some liquid also clings to the colimms and evaporates. 
Evaporative loss occurs until the tank is filled and the exposed surfaces are again covered. Standing 
storage losses from floating roof tanks include rim seal and deck fitting losses, and for internal floating 
roof tanks also include deck seam losses for constructions other than welded decks. Other potential 
standing storage loss mechanisms include breathing losses as a result of temperature and pressure 
changes. 

Rim seal losses can occur through many complex mechanisms, but for external floating roof 
tanks, the majority of rim seal vapor losses have been found to be wind induced. No dominant wind 
loss mechanism has been identified for internal floating roof or domed external floating roof tank rim 
seal losses. Losses can also occur due to permeation of the rim seal material by the vapor or via a 
wicking effect of the liquid, but permeation of the rim seal material generally does not occur if the 
correct seal fabric is used. Testing has indicated that breathing, solubility, and wicking loss 
mechanisms are small in comparison to the wind-induced loss. The rim seal factors presented in this 
section incorporate all types of losses. v . . . 

- The rim seal system is used to allow the floating roof to rise and fall within the tank as th^ 
; : liquid level changes. The rim seal system also helps to fill the annular space between the rim and the 
tank shell and therefore minimize evaporative losses from this area. A rim seal system may consist of 
just a primary seal or a primary and a secondary seal, which is mounted above the primary seal. 
Examples of primary and secondary seal configurations are shown in Figures 7.1-6, 7.1-7, and 7.1-8. 

The primary seal serves as a vapor conservation device by closing the annular space between 
the edge of tixe floating deck and the tank wall. Three basic types of primary seals are used on 
extemal floating roofs: mechanical (metallic) shoe, resilient filled (nonmetallic), and flexible wiper 
seals. Some primary seals on extemal floating roof tanks are protected by a weather shield. Weather 
shields may be of metallic, elastomeric, or composite construction and provide the primary seal with 
longer life by protecting the primary seal fabric from deterioration due to exposure to weather, debris, 
and sunlight. Internal floating roofs typically incorporate one of two types of flexible, product- 
resistant seals: resilient foam-filled seals or wiper seals. Mechanical shoe seals, resilient filled seals, 
and wiper seals are discussed below. 

A mechanical shoe seal uses a light-gauge metallic band as the sliding contact with the shell of 
the tank, as shown in Figure 7.1-7. The band is formed as a series of sheets (shoes) which are joined 
together to form a ring, and are held against the tank shell by a mechanical device. The shoes are 
normally 3 to 5 feet deep, providing a potentially large contact area with the tank shell. Expansion 
and contraction of the ring can be provided for as the ring passes over shell irregularities or rivets by 
jointing narrow pieces of fabric into the ring or by crimping the shoes at intervals. The bottoms of the 
shoes extend below the liquid surface to confine the rim vapor space between the shoe and the floating 
deck. 



9/97 



Liquid Storage Tanks 



7.1-5 



The rim vapor space, which is bounded by the shoe, the rim of the floating deck, and the 
Hquid surface, is sealed from the atmosphere by bolting or clamping a coated fabric, called the primary 
seal fabric, that extends from the shoe to the rim to form an "envelope". Two locations are used for 
attaching the primary seal fabric. The fabric is most commonly attached to the top of the shoe and the 
rim of the floating deck. To reduce the rim vapor space, the fabric can be attached to the shoe and the 
floating deck rim near the liquid surface. Rim vents can be used to relieve any excess pressure or 
vacuum in the vapor space. 

A resilient filled seal can be mounted to eliminate the vapor space between the rim seal and 
liquid surface (liquid moimted) or to allow a vapor space between the rim seal and the liquid surface 
(vapor mounted). Both configurations are shown in Figures 7.1-6 and 7.1-7. Resilient filled seals 
work because of the expansion and contraction of a resilient material to maintain contact with the tank 
shell while accommodating varying annular rim space widths. These rim seals allow the roof to move 
up and down freely, without binding. 

Resilient filled seals typically consist of a core of open-cell foam encapsulated in a coated 
fabric. The seals are attached to a mounting on the deck perimeter and extend around the deck 
circumference. Polyurethane-coated nylon fabric and polyurethane foam are commonly used materials. 
For emission control, it is important that the attachment of the seal to the deck and the radial seal 
joints be vapor-tight and that the seal be in substantial contact with the tank shell. * 

Wiper seals generally consist of a continuous annular blade of flexible material fastened to a 
mounting bracket on the deck perimeter that spans the annular rim space and contacts the tank shell; ^ 
This type of seal is depicted in Figure 7.1-6. New tanks with wiper seals may have dual wipers, one ^ . 
:moimted above the other. The mounting is such that the blade is, flexed, and its elasticity provides a , ' : 
sealing pressure against the tank shell. 

Wiper seals are vapor mounted; a vapor space exists between the liquid stock and the bottom 
of the seal. For emission control, it is important that the mounting be vapor-tight, that the seal extend 
around the circumference of the deck and that the blade be in substantial contact with the tank shell. 
Two types of materials are commonly used to make the wipers. One type consists of a cellular, 
elastomeric material tapered in cross section with the thicker portion at the moimting. Rubber is a 
conmionly used material; urethane and cellular plastic are also available. All radial joints in the blade 
are joined. The second type of material that can be used is a foam core wrapped with a coated fabric. 
Polyurethane on nylon fabric and polyurethane foam are common materials. The core provides the 
flexibility and support, while the fabric provides the vapor barrier and wear surface. 

A secondary seal may be used to provide some additional evaporative loss control over that 
achieved by the primary seal. Secondary seals can be either flexible wiper seals or resilient filled 
seals. For external floating roof tanks, two configurations of secondary seals are available: shoe 
mounted and rim mounted, as shown in Figure 7.1-8. Rim mounted secondary seals are more 
effective in reducing losses than shoe mounted secondary seals because they cover the entire rim vapor 
space. For intemal floating roof tanks, the secondary seal is mounted to an extended vertical rim 
plate, above the primary seal, as shown in Figure 7.1-8. However, for some floating roof tanks, using 
a secondary seal fiirther limits the tank's operating capacity due to the need to keep the seal from 
interfering with fixed roof rafters or to keep the secondary seal in contact with the tank shell when the 
tank is filled. 
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The deck fitting losses from floating roof tanks can be explained by the same mechanisms as 
the rim seal losses. However, the relative contribution of each mechanism is not known. The deck 
fitting losses identified in this section account for the combined effect of all of the mechanisms. 

Numerous fittings pass through or are attached to floating roof decks to accommodate 
structural support components or allow for operational functions. Internal floating roof deck fittings 
are typically of different configuration than those for external floating roof decks. Rather than having 
tall housings to avoid rainwater entry, internal floating roof deck fittings tend to have lower profile 
housings to minimize the potential for the fitting to contact the fixed roof when the tank is filled. 
Deck fittings can be a source of evaporative loss when they require openings in the deck. The most 
common components that require openings in the deck are described below. 

1. Access hatches . An access hatch is an opening in the deck with a peripheral vertical well 
that is large enough to provide passage for workers and materials through the deck for construction or 
servicing. Attached to the opening is a removable cover that may be bolted and/or gasketed to reduce 
evaporative loss. On internal floating roof tanks with noncontact decks, the well should extend down 
into the liquid to seal off the vapor space below the noncontact deck. A typical access hatch is shown 
in Figure 7.1-9. 

2. Gauge-floats . A gauge-float is used to indicate the level of liquid within the tank. The 
float rests on the liquid surface and is housed inside a well that is closed by a cover. The caver may 
be bolted and/or gasketed to reduce evaporation loss. As with other similar deck penetratiohs^ the well 
extends down ihto the Hquid on noncontact decks in internal floating roof tanks. A typical gauge-'floa:t^ 
and; well are shown in Figure 7.1-9. 

3. Gauge-hatch/sample ports . A gauge-hatch/sample port consists of a pipe sleeve equipped 
with a self-closing gasketed cover (to reduce evaporative losses) and allows hand-gauging or sampling 
of the stored liquid. The gaujge-hatch/sample port is usually located beneath the ganger's platform, 
which is moxmted on top of the tank shell. A cord may be attached to the self-closing gasketed cover 
so that the cover can be opened fi-om the platform. A typical gauge-hatch/sample port is shown in 
Figure 7.1-9. 

4. Rim vents . Rim vents are used on tanks equipped with a seal design that creates a vapor 
pocket in the seal and rim area, such as a mechanical shoe seal. A typical rim vent is shown in 
Figure 7.1-10. The vent is used to release any excess pressure or vacuum that is present in the vapor 
space bounded by the primary-seal shoe and the floating roof rim and the primary seal fabric and the 
liquid level. Rim vents usually consist of weighted pallets that rest on a gasketed cover. 

5. Deck drains . Currently two types of deck drains are in use (closed and open deck drains) 
to remove rainwater fi-om the floating deck. Open deck drains can be either flush or overflow drains. 
Both types consist of a pipe that extends below the deck to allow the rainwater to drain into the stored 
liquid. Only open deck drains are subject to evaporative loss. Flush drains are flush with the deck 
surface. Overflow drains are elevated above the deck surface. Typical overflow and flush deck drains 
are shown in Figure 7.1-10. Overflow drains are used to limit the maximum amount of rainwater that 
can accumulate on the floating deck, providing emergency drainage of rainwater if necessary. Closed 
deck drains carry rainwater from the surface of the deck though a flexible hose or some other type of 
piping system that runs through the stored liquid prior to exiting the tank. The rainwater does not 
come in contact with the liquid, so no evaporative losses result. Overflow drains are usually used in 
conjunction with a closed drain system to carry rainwater outside the tank. 
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6. Deck legs . Deck legs are used to prevent damage to fittings underneath the deck and to 
allow for tank cleaning or repair, by holding the deck at a predetermined distance off the tank bottom. 
These supports consist of adjustable or fixed legs attached to the floating deck or hangers suspended 
from the fixed roof For adjustable legs or hangers, the load-carrying element passes through a well or 
sleeve into the deck. With noncontact decks, the well should extend into the liquid. Evaporative 
losses may occur in the annulus between the deck leg and its sleeve. A typical deck leg is shown in 
Figure 7.1-10. 

7. Unslotted guidepoles and wells . A guidepole is an antirotational device that is fixed to the 
top and bottom of the tank, passing through a well in the floating roof. The guidepole is used to 
prevent adverse movement of the roof and thus damage to deck fittings and the rim seal system. In 
some cases, an unslotted guidepole is used for gauging purposes, but there is a potential for differences 
in the pressure, level, and composition of the liquid inside and outside of the guidepole. A typical 
guidepole and well are shown in Figure 7.1-11. 

8. Slotted (perforated) guidepoles and wells . The function of the slotted guidepole is similar 
to the unslotted guidepole but also has additional features. Perforated guidepoles can be either slotted 
or drilled hole guidepoles. A typical slotted guidepole and well are shown in Figure 7.1-11. As 
shown in this figure, the guide pole is slotted to allow stored liquid to enter. The same can be 
accomplished with drilled holes. The liquid entering the guidepole is well mixed, having the same 
composition as the remainder of the stored liquid, and is at the same liquid level as the liquid in the ■ 
tank. Representative samples can therefore be collected from the slotted or drilled hole guidepole. 
However, evaporative loss from the guidepole can be reduced by modifying the guidepole or well or 
by placing a float inside the guidepole. Guidepoles are also referred to as gauge poles, gauge pipes, or 
stilling wells. 

9. Vacuum breakers . A vacuum breaker equalizes the pressure of the vapor space across the ■ 
deck as the deck is either being landed on or floated off its legs. A typical vacuum breaker is shown 
in Figure 7.1-10. As depicted in this figure, the vacuum breaker consists of a well with a cover. 
Attached to the underside of the cover is a guided leg long enough to contact the tank bottom as the 
floating deck approaches. When in contact with the tank bottom, the guided leg mechanically opens 
the breaker by lifting the cover off the well; otherwise, the cover closes the well. The closure may be 
gasketed or ungasketed. Because the purpose of the vacuum breaker is to allow the free exchange of 
air and/or vapor, the well does not extend appreciably below the deck. 

Fittings used only on internal floating roof tanks include column wells, ladder wells, and stub 

drains. 

1. Columns and wells . The most common fixed-roof designs are normally supported from 
inside the tank by means of vertical columns, which necessarily penetrate an internal floating deck. 
(Some fixed roofs are entirely self-supporting and, therefore, have no support columns.) Column wells 
are similar to unslotted guide pole wells on external floating roofs. Columns are made of pipe with 
circular cross sections or of structural shapes with irregular cross sections (built-up). The number of 
columns varies with tank diameter, from a minimum of 1 to over 50 for very large diameter tanks. A 
typical fixed roof support colimin and well are shown in Figure 7.1-9. 

The columns pass through deck openings via peripheral vertical wells. With noncontact decks, 
the well should extend down into the liquid stock. Generally, a closure device exists between the top 
of the well and the column. Several proprietary designs exist for this closure, including sliding covers 
and fabric sleeves, which must accommodate the movements of the deck relative to the column as the 
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liquid level changes. A sliding cover rests on the upper rim of the column well (which is normally 
fixed to the deck) and bridges the gap or space between the column well and the column. The cover, 
which has a cutout, or opening, around the column slides vertically relative to the column as the deck 
raises and lowers. At the same time, the cover slides horizontally relative to the rim of the well. A 
gasket around the rim of the well reduces emissions from this fitting. A flexible fabric sleeve seal 
between the rim of the well and the column (with a cutout or opening, to allow vertical motion of the 
seal relative to the columns) similarly accommodates limited horizontal motion of the deck relative to 
the column. 

2. Ladders and wells . Some tanks are equipped with internal ladders that extend from a 
manhole in the fixed roof to the tank bottom. The deck opening through which the ladder passes is 
constructed with similar design details and considerations to deck openings for column wells, as 
previously discussed. A typical ladder well is shown in Figure 7.1-12. 

3. Stub drains . Bolted internal floating roof decks are typically equipped with stub drains to 
allow any stored product that may be on the deck surface to drain back to the underside of the. deck. 
The drains are attached so that they are flush with the upper deck. Stub drains are approximately 

1 inch in diameter and extend down into the product on noncontact decks. 

Deck seams in internal floating roof tanks are a source of emissions to the extent that these 
seams may not be completely vapor tight if the deck is not welded. Generally, the same loss 
mechanisms for fittings apply to deck seams. The predominant mechanism depends on whether or not 
the deck is in contact with the stored liquid. The deck seam loss equation accoxmts for the effects of 
all contributing loss mechamisms. 

7.1.3 Emission Estimation Procedures 

The following section presents the emission estimation procedures for fixed roof, external 
floating roof, domed external floating roof, and internal floating roof tanks. These procedures are 
valid for all petroleum liquids, pure volatile organic liquids, and chemical mixtures with similar true 
vapor pressures. It is important to note that in all the emission estimation procedures the physical 
properties of the vapor do not include the noncondensibles (e. g., air) in the gas but only refer to the 
condensible components of the stored liquid. To aid in the emission estimation procedures, a list of 
variables with their corresponding definitions was developed and is presented in Table 7.1-1. 

The factors presented in AP-42 are those that are currently available and have been reviewed 
and approved by the U. S. Environmental Protection Agency. As storage tank equipment vendors 
design new floating decks and equipment, new emission factors may be developed based on that 
equipment. If the new emission factors are reviewed and approved, the emission factors will be added 
to AP-42 during the next update. 

The emission estimation procedures outlined in this chapter have been used as the basis for the 
development of a software program to estimate emissions from storage tanks. The software program 
entitled "TANKS" is available through the Technology Transfer Network (TTN) Bulletin Board 
System maintained by the U. S. Environmental Protection Agency. 

7.1.3.1 Total Losses From Fixed Roof Tanks"*'^"^"^ - 

The following equations, provided to estimate standing storage and working loss emissions, 
apply to tanks with vertical cylindrical shells and fixed roofs. These tanks must be substantially 
liquid- and vapor-tight and must operate approximately at atmospheric pressure. The equations are not 
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intended to be used in estimating losses from unstable or boiling stocks or from mixtures of 
hydrocarbons or petrochemicals for which the vapor pressure is not known or cannot be readily 
predicted. Total losses from fixed roof tanks are equal to the sum of the standing storage loss and 
working loss: 

= Ls + (1-1) 

where: 

Lj = total losses, Ib/yr 
Lg = standing storage losses, Ib/yr 
~ working losses, Ib/yr 

Standings Storage Loss - Fixed roof tank breathing or standing storage losses can be estimated frpm;: 

Lg = 365 VyWyK^Ks (1-2) 

where: 





standing storage loss, Ib/yr 


Vv = 


vapor space volume, ft : 


Wv = 


vapor density, lb/ft 


Ke = 


vapor space expansion factor, dimensionless 


Ks = 


vented vapor saturation factor, dimensionless 


365 = 


constant, d/yr 



Tank Vapor Space Volume, Vy - The tank vapor space volume is calculated using the following 
equation: 

Vv = fD2Hvo (1-3) 

where: 

Vy = vapor space volume, ft^ 
D = tank diameter, ft, see Note 1 for horizontal tanks 
HyQ = vapor space outage, ft 

The vapor space outage, HyQ is the height of a cylinder of tank diameter, D, whose volume is 
equivalent to the vapor space volume of a fixed roof tank, including the volume under the cone or 
dome roof. The vapor space outage, HyQ, is estimated from: 
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^vo ~ f^s ■ % %0 



(1-4) 



where: 



vapor space outage, ft 



tank shell height, ft 



liquid height, ft 



RO 



roof outage, ft; see Note 2 for a cone roof or Note 3 for a dome roof 



Notes: 



1 . The emission estimating equations presented above were developed for vertical fixed roof 
tanks. If a user needs to estimate emissions from a horizontal fixed roof tank, some of the tank 
parameters can be rnodified before using the vertical tank emission estimating equations. First, by 
assuming that the tank is one-half filled, the surface area of the liquid in the tank is approximately 
equal to the length of the tank times the diameter of the tank. Next, assume that this area represents a 
circle, i. e., that the liquid is an upright cylinder. Therefore, the effective diameter, D^, is then equal 
to: 



= effective tank diameter, ft 

L = length of tank, ft 

D = actual diameter of tank, ft 

One-half of the actual diameter of the horizontal tank should be used as the vapor space outage, HyQ. 
This method yields only a very approximate value for emissions from horizontal storage tanks. For 
underground horizontal tanks, assume that no breathing or standing storage losses occur (Lg = 0) 
because the insulating nature of the earth limits the diurnal temperature change. No modifications to 
the working loss equation are necessary for either above-groimd or underground horizontal tanks. 

2. For a cone roof, the roof outage, Ht^q, is calculated as follows: 




LD 



(1-5) 



where: 



%0 - % 



(1-6) 



where: 



Ht^q = roof outage (or shell height equivalent to the volume contained under the roof), ft 



Hj^ = tank roof height, ft 
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The tank roof height, Hj^, is equal to Sj^ Rg 
where: 

Sj^ = tank cone roof slope, if unknown, a standard value of 0.0625 ft/ft is used, ft/ft 
Rg = tank shell radius, ft 
3. For a dome roof, the roof outage, Hj^q, is calculated as follows: 



1/2 + 1/6 



(1-7) 



where: 

Hro ^ ^^^^ outage, ft 
Hj^ = tank roof height, ft 
Rg = tank shell radius, ft 
The tank roof height, Hj^, is calculated: 



(1-8) 



where: 



Hj^ = tank roof height, ft 

Rj^ = tank dome roof radius, ft 

Rg = tank shell radius, ft 

The value of usually ranges fi-om 0.8D - 1.2D, where D = 2 Rg. If is unknown, the tank 
diameter is used in its place. If the tank diameter is used as the value for Rj^, Equations 1-7 and 1-8 
reduce to = 0.268 Rg and %q = 0.137 Rg. 

Vapor Density, Wy - The density of the vapor is calculated using the following equation: 



MvPvA 



RT 



(1-9) 



LA 



where: 



Wy = vapor density, Ib/fr 

My = vapor molecular weight, Ib/lb-mole; see Note 1 
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R = the ideal gas constant, 10.731 psiaft^/lb-mole-°R 
Py^ = vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 
^LA ^ ^^^^y ^^^^g^ liquid surface temperature, °R; see Note 3 

Notes : 

1. The molecular weight of the vapor, My, can be determined from Table 7.1-2 and 7.1-3 for 
selected petrolevun liquids and volatile organic liquids, respectively, or by analyzing vapor samples. 
Where mixtures of organic liquids are stored in a tank. My can be calculated from the liquid 
composition. The molecular weight of the vapor, My, is equal to the sum of the molecular weight, 
M-, multiplied by the vapor mole fraction, yj, for each component. The vapor mole fraction is equal 
to the partial pressure of component i divided by the total vapor pressure. The partial pressure of 
component i is equal to the true vapor pressure of component i (P) multiplied by the liquid mole 
fraction, (xj). Therefore, 



My =5:Miyi =EMi 



(1-10) 



where: 

PvA' ^^^^ vapor pressure of the stored liquid, by Raoult's Law, is: 

Py^ = SPXi (1-11) 

For more detailed information, please refer to Section 7.1.4. 

2. True vapor pressure is the equilibrium partial pressure exerted by a volatile organic liquid, 
as defined by ASTM-D 2879 or as obtained from standard reference texts. Reid vapor pressure is the 
absolute vapor pressure of volatile crude oil and volatile nonviscous petrolevun liquids, except liquified 
petroleum gases, as determined by ASTM-D-323. True vapor pressures for organic liquids can be 
determined from Table 7.1-3. True vapor pressure can be determined for crude oils using 
Figures 7.1-13a and 7.1-13b. For refined stocks (gasolines and naphthas). Table 7.1-2 or 
Figures 7.1-14a and 7.1-14b can be used. In order to use Figures 7.1-13a, 7.1-13b, 7.1-14a, or 
7.1 -14b, the stored liquid surface temperature, T^^, must be determined in degrees Fahrenheit. See 
Note 3 to determine T^^. 

Alternatively, true vapor pressure for selected petroleum liquid stocks, at the stored liquid 
surface temperature, can be determined using the following equation: 

PvA = exp [A - (B/Tla)] (l-12a) 

where: 

exp = exponential function 
A = constant in the vapor pressure equation, dimensionless 
B = constant in the vapor pressure equation, **R 
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^LA ~ ^^^^y average liquid surface temperature, 

Py^ = true vapor pressure, psia 

For selected petroleum liquid stocks, physical property data are presented in Table 7.1-2. For 
refined petroleimi stocks, the constants A and B can be calculated from the equations presented in 
Figure 7.1-15 and the distillation slopes presented in Table 7.1-4. For crude oil stocks, the constants 
A and B can be calculated from the equations presented in Figure 7.1-16. Note that in 
Equation 1-1 2a, T^^ is determined in degrees Rankine instead of degrees Fahrenheit. 

The true vapor pressure of organic liquids at the stored liquid temperature can be estimated by 
Antoine's equation: 

logPvA=A-,^^ (l-12b) 

where: 

A = constant in vapor pressure equation 

B = constant in vapor pressiu"e equation 

C = constant in vapor pressure equation 

Tl^ = daily average Hquid surface temperature, 

^VA ~ vapor pressure at average liquid surface tepiperature, mm Ilg 

For organic liquids, the values for the constants A, B, and C are listed in Table 7.1-5. Note 
that in Equation l-12b, T^^ is determined in degrees Celsius instead of degrees Rankine, Also, in 
Equation l-12b, Py^ is determined in nmi of Hg rather than psia (760 mm Hg = 14.7 psia). 

3. If the daily average liquid surface temperature, T^^^, is unknown, it is calculated using the 
following equation: 

= 0.44T^ + 0.56Tb + 0.0079 al (1-13) 

where: 

^LA ~ ^^^^y average liquid surface temperature, °R 

^AA ~ ^^^'y average ambient temperature, °R; see Note 4 

Tg = liquid bulk temperature, °R; see Note 5 

a = tank paint solar absorptance, dimensionless; see Table 7.1-6 

I = daily total solar insolation factor, Btu/ft^-d; see Table 7.1-7 

If Tl^ is used to calculate Py^ from Figures 7.1-13a, 7.1-13b, 7.1-14a, or 7.1-14b, Tl^ must be 
converted from degrees Rankine to degrees Fahrenheit (°F = °R - 460). If Tl^ is used to calculate 
Py* from Equation 1-1 2b, Tl^ must be converted from degrees Rankine to degrees Celsius 
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(°C = [°R - 492]/1.8). Equation 1-13 should not be used to estimate liquid surface temperature from 
insulated tanks. In the case of insulated tanks, the average liquid surface temperature should be based 
on liquid surface temperature measurements from the tank. 

4. The daily average ambient temperature, T^^, is calculated using the following equation: 

Taa = (Tax + W2 (1-14) 

where: 

^AA ^^^^y average ambient temperature, °R 

^AX ^ d^ily maximimi ambient temperature, °R 

^AN ^ ^^^^y nainimum ambient temperature, °R 

Table 7.1-7 gives values of T^^ and T^^ for selected U. S. cities. 

5. The liquid bulk temperature, Tg, is calculated using the following equation: 

Tb = Taa + 6a - 1 (1-15) 

where: 

Tg = liquid bulk temperature, °R 

^AA ^ ^^^ly average ambient temperature, °R, as calculated in Note 4 

a = tank paint solar absorptance, dimensionless; see Table 7.1-6. 

Vapor Space Expansion Factor, - The vapor space expansion factor, K^, is calculated using the 
following equation: 

K^.f^.^Il^ (1-16) 

^LA Pa " ^VA 

where: 

ATy = daily vapor temperature range, °R; see Note 1 
APy == daily vapor pressure range, psi; see Note 2 
APq = breather vent pressure setting range, psi; see Note 3 
= atmospheric pressure, psia 
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Py^ = vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 for 
Equation 1-9 

^LA ~ daily average liquid surface temperature, °R; see Note 3 for Equation 1-9 

Notes : 

1 . The daily vapor temperature range, ATy, is calculated using the following equation: 

ATy = 0.72 AT^ + 0.028 al (1-17) 

where: 

ATy = daily vapor temperature range, 

AT^ = daily ambient temperature range, °R; see Note 4 

a = tank paint solar absorptance, dimensionl^ss; see Table 7.1-6 

I = daily total solar insolation factor, Btu/ft^-d; see Table 7.1-7 

2. The daily vapor pressure range, APy, can be calculated using the following equation: 

^Pv = Pvx-PvN (1-18) 
where: ^ 

APy = daily vapor pressure range, psia 

^VX ~ vapor pressure at the daily maximum liquid surface temperature, psia; see Note 5 
^VN ~ vapor pressure at the daily minimum liquid surface temperature, psia; see Note 5 
The following method can be used as an alternate means of calculating APy for petroleum 

liquids: 

0.50 BPy. ATy 

APy = 1^^ 1 (1-19) 

where: 

APy = daily vapor pressure range, psia 

B = constant in the vapor pressure equation, °R; see Note 2 to Equation 1-9 

^VA ~ vapor pressure at the daily average liquid surface temperature, psia; see Notes 1 and 2 
to Equation 1-9 

Tl^ = daily average liquid surface temperature, °R; see Note 3 to Equation 1-9 
ATy = daily vapor temperature range, °R; see Note 1 
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3. The breather vent pressure setting range, APg, is calculated using the following equation: 



= PbP - Pbv (1-20) 

where: 

APg = breather vent pressure setting range, psig 
Pqp = breather vent pressure setting, psig 
PgY = breather vent vacuum setting, psig 

If specific information on the breather vent pressure setting and vacuum setting is not 
available, assume 0.03 psig for Pgp and -0.03 psig for Pgy as typical values. If the fixed roof tank is 
of bolted or riveted construction in which the roof or shell plates are not vapor tight, assume that 
AP3 = 0, even if a breather vent is used. The estimating equations for fixed roof tanks do not apply 
to either low or high pressure tanks. If the breather vent pressure or vacuum setting exceeds 1 .0 psig, 
the standing storage losses could potentially be negative. 

4. The daily ambient temperature range, AT^^, is calculated using the following equation: 

ATa = Tax-Tan (1-21) 

where: 

AT^ - daily ambient temperature range, °R 
^AX ~ daily maximum ambient temperature, °R 
^AN ~ daily minimum ambient temperature, 

Table 7.1-7 gives values of T^^ and T^^ for selected cities in the United States.^ ^ 

5. The vapor pressures associated with daily maximum and minimum liquid surface 
temperature, Py;^ and Py^^, respectively are calculated by substituting the corresponding temperatures, 
Tlx ^LN» ^^^^ vapor pressure function discussed in Notes 1 and 2 to Equation 1-9. If Tlx 
and Tln are unknown, Figure 7.1-17 can be used to calculate their values. 

Vented Vapor Saturation Factor, Kg - The vented vapor saturation factor, Kg, is calculated using the 
following equation: 

Kc = ! (1-22) 

^ 1 + 0.053 Py^Hyo 

where: 

Kg = vented vapor saturation factor, dimensionless 

^VA ^ vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 to 
Equation 1-9 

Hyo = vapor space outage, ft, as calculated in Equation 1-4 
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Working Loss - The working loss, L^, can be estimated from: 

= 0.0010 MvPvaQKnKp, (1-23) 

where: 

- working loss, Ib/yr 

My = vapor molecular weight, Ib/lb-mole; see Note 1 to Equation 1-9 

Py^ = vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 to 
Equation 1-9 

Q = annual net throughput (tank capacity [bbl] times annual turnover rate), bbl/yr 

= turnover factor, dimensionless; see Figure 7.1-18 
for turnovers > 36, % = (180 + N)/6N 
for turnovers < 36, = 1 

N = number of turnovers per year, dimensionless 



and 



LX 
where: 

N = number of turnovers per year, dimensionless 
Q = annual net throughput, bbl/yr 
= tank maximum liquid volume, ft^ 



N = 1:^ (1-24) 
V, 



where: 

D = diameter, ft 

^LX ~ maximum liquid height, ft 

Kp = working loss product factor, dimensionless, 0.75 for crude oils. For all other organic 
liquids, Kp = 1 

7.1.3.2 Total Losses From Floating Roof Tanks^*^'^^*^^"^*^ - 

Total floating roof tank emissions are the sum of rim seal, withdrawal, deck fitting, and deck 
seam losses. The equations presented in this subsection apply only to floating roof tanks. The 
equations are not intended to be used in the following applications: 

1. To estimate losses fi-om unstable or boiling stocks or fi'om mixtures of hydrocarbons or 
petrochemicals for which the vapor pressure is not known or cannot readily be predicted; 
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2. To estimate losses from closed internal or closed domed external floating roof tanks (tanks 
vented only through a pressure/vacuum vent); or 

3. To estimate losses from tanks in which the materials used in the rim seal and/or deck 
fittings are either deteriorated or significantly permeated by the stored liquid. 

Total losses from floating roof tanks may be written as: 

Ly = Lj^ + ^WD Lp + Lq (2-1) 

where: 

Lj = total loss, Ib/yr 

Lj^ = rim seal loss, Ib/yr; see Equation 2-2 
^WD ~ withdrawal loss, Ib/yr; see Equation 2-4 
Lp = deck fitting loss, Ib/yr; see Equation 2-5 

Lj) = deck seam loss (internal floating roof tanks only), Ib/yr; see Equation 2-9 ' 
Rim Seal Loss - Rim seal loss from floating roof tanks can be estimated using the followiiig equation: 

LR = (KR3 + KRbV^)DP*MvKc (2-2) 

where: 

Lj^ = rim seal loss, Ib/yr 

Kj^ = zero wind speed rim seal loss factor, Ib-mole/ft-yr; see Table 7.1-8 
^Rb ^ "^^^^ speed dependent rim seal loss factor, lb-mole/(mph)"ftyr; see Table 7.1-8 
V = average ambient wind speed at tank site, mph; see Note 1 
n = seal-related wind speed exponent, dimensionless; see Table 7.1-8 
P* = vapor pressure function, dimensionless; see Note 2 

P * = ^ (2-3) 

[1M1-[Pva/Pa])^¥ 

where: 

PyA = vapor pressure at daily average liquid surface temperature, psia; 
See Notes 1 and 2 to Equation 1-9 and Note 3 below 

P^ ^ atmospheric pressure, psia 
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D = tank diameter, ft 
My = average vapor molecular weight, Ib/lb-mole; see Note 1 to Equation 1-9, 
= product factor; K^. = 0.4 for crude oils; = 1 for all other organic liquids. 

Notes : 

1 . If the ambient wind speed at the tank site is not available, use wind speed data from the 
nearest local weather station or values from Table 7.1-9. If the tank is an internal or domed external 
floating roof tank, the value of v is zero. 

2. P* can be calculated or read directly from Figiu-e 7.1-19. 

3. The API recommends using the stock liquid temperature to calculate Py^ for use in 
Equation 2-3 in lieu of the liquid surface temperature. If the stock liquid temperature is unknown, 
API recommends the following equations to estimate the stock temperature: 





Average Annual Stock 


Tank Color 


Temperature, Tg (°F) 


White 




Aluminum 


+ 2.5 


Gray 


T^ + 3.5 


Black 


Taa + 5.0 



^^AA average annual ambient temperature in degrees Fahrenheit. 

Withdrawal Loss - The withdrawal loss from floating roof storage tanks can be estimated using 
Equation 2-4. 



(0.943)QCWl 



Nc^C 
D 



(2-4) 



D 

where: 

^WD ^ withdrawal loss, Ib/yr 

Q = annual throughput (tank capacity [bbl] times annual turnover rate), bbl/yr 
C = shell clingage factor, bbl/1,000 ft^; see Table 7.1-10 
Wl = average organic liquid density, lb/gal; see Note 1 
D = tank diameter, ft 
0.943 = constant, 1,000 ft^-galMl^ 
Nq = number of fixed roof support columns, dimensionless; see Note 2 
Fq = effective column diameter, ft (column perimeter [ft]/K); see Note 3 
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1. A listing of the average organic liquid density for select petrochemicals is provided in 
Tables 7.1-2 and 7.1-3. If is not known for gasoline, an average value of 6.1 lb/gal can be 
assumed. 

2. For a self-supporting fixed roof or an external floating roof tank: 

Nc = 0. 

For a column-supported fixed roof: 

Nq = use tank-specific information or see Table 7.1-11. 

3. Use tank-specific effective column diameter or 

Fq- 1.1 for 9-inch by 7-inch built-up columns, 0.7 for 8-inch-diameter pipe 
columns, and 1.0 if column construction details are not known 

Deck Fitting Loss - Deck fitting losses from floating roof tanks can be estimated by the following 
equation: 

Lp - Fp P*MvKc (2-5) 

where: 

Lp = the deck fitting loss, Ib/yr 

^P = total deck fitting loss factor, Ib-mole/yr 

Fp = [(Np Kf,)+(Np K )+...+(Np Kp )] (2-6) 

where: 

Np. = number of deck fittings of a particular type (i 0,l,2,...,nf), dimensionless 

Kp. = deck fitting loss factor for a particular type fitting 
* (i = 0,l,2,...,nf), Ib-mole/yr; see Equation 2-7 

n^ = total number of different types of fittings, dimensionless 

P*, My, are as defined for Equation 2-2. 

The value of Fp may be calculated by using actual tank-specific data for the niunber of each 
fitting type (Np) and then multiplying by the fitting loss factor for each fitting (Kp). 

The deck fitting loss factor, Kp. for a particular type of fitting, can be estimated by the 
following equation: ' 
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Kp, = Kpa. - Kpb. (K,v) 



(2-7) 



where: 

Kp. = loss factor for a particular type of deck fitting, Ib-mole/yr 

Kp^. = zero wind speed loss factor for a particular type of fitting, Ib-mole/yr 

Kpjj. = wind speed dependent loss factor for a particular type of fitting, lb-mole/(mph)"^yr 

m- = loss factor for a particular type of deck fitting, dimensionless 

i = 1, 2, n, dimensionless 

K^, = fitting wind speed correction factor, dimensionless; see below 

V = average ambient wind speed, mph 

For external floating roof tanks, the fitting wind speed correction factor, K^, is equal to 0.7. 
For internal and domed external floating roof tanks, the value of v in Equation 2-7 is zero and the 
equation becomes: 



used on floating roof tanks. These factors apply only to typical deck fitting conditions and when the 
average ambient wind speed is below 1 5 miles per hour. Typical numbers of deck fittings for floating 
roof tanks are presented in Tables 7.1-11, 7.1-12, 7.1-13, 7.1-14, and 7.1-15. 

Deck Seam Loss - Neither welded deck internal floating roof tanks nor external floating roof tanks 
have deck seam losses. Internal floating roof tanks with bolted decks may have deck seam losses. 
Deck seam loss can be estimated by the following equation: 



where: 

= deck seam loss per unit seam length factor, Ib-mole/ft-yr 

= 0.0 for welded deck 

= 0.14 for bolted deck; see Note 

Sj) = deck seam length factor, ft/ft^ 




Ld = KdSdD2p*MvKc 



(2-9) 



A. 



seam 



'deck 
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where: 



^seam length of deck seams, ft 

^deck " of ft^ = 7t Yp-1 4 

D, P*, My, and are as defined for Equation 2-2 

If the total length of the deck seam is not known, Table 7.1-16 can be used to determine Sj^. 
For a deck constructed from continuous metal sheets with a 7-ft spacing between the seams, a value of 
0.14 ft/ft can be used. A value of 0.33 can be used for Sj^ when a deck is constructed from 
rectangular panels 5 ft by 7.5 ft. Where tank-specific data concerning width of deck sheets or size of 
deck panels are unavailable, a default value for Sj^ can be assigned. A value of 0.20 ft/ft^ can be 
assumed to represent the most common bolted decks currently in use. 

Note: Recently , vendors of bolted decks have been using various techniques, such as gasketing the 
deck seams, in an effort to reduce deck seam losses. However, emission factors are not 
currently available in AP-42 that represent the emission reduction, if any, achieved by these 
techniques. Some vendors have developed specific factors for their deck designs; however, 
use of these factors is not reconmiended imtil approval has been obtained from the goveming 
regulatory agency or permitting authority. 

7.1.3.3 Variable Vapor Space Tanks^^ " 

Variable vapor space filling losses result when vapor is displaced by liquid during filling 
operations. Since the variable vapor space tank has an expandable Vapor storage capacity, this loss is 
not as large as the filling loss associated with fixed roof tanks. Loss of vapor occurs only when the 
tank's vapor storage capacity is exceeded." Equation 3-1 assumes that one-fourth of the expansion 
capacity is available at the beginning of each transfer. 

Variable vapor space system filling losses can be estimated from: 

Lv=(2.40 X 10-2) (M^p^^/Vj) [(Vj) - (0.25 V2N2)] (3-1) 

where: 

Ly = variable vapor space filling loss, lb/ 1,000 gal throughput 

My = molecular weight of vapor in storage tank, Ib/lb-mole; see Note 1 to Equation 1-9 

Py^ ~ true vapor pressure at the daily average liquid surface temperature, psia; see Notes 1 
and 2 to Equation 1-9 

Vj = volume of liquid pumped into system, throughput, bbl/yr 

V2 = volume expansion capacity of system, bbl; see Note 1 

N2 = number of transfers into system, dimensionless; see Note 2 
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Notes: 



1. V2 is the volume expansion capacity of the variable vapor space achieved by roof lifting or 
diaphragm flexing. 

2. N2 is the number of transfers into the system during the time period that corresponds to a 
throughput of Vj. 

The accuracy of Equation 3-1 is not documented. Special tank operating conditions may result 
in actual losses significantly different from the estimates provided by Equation 3-1. For example, if 
one or more tanks with interconnected vapor spaces are filled while others are emptied simultaneously, 
all or part of the expelled vapors will be transferred to the tank, or tanks, being emptied. This is 
called balanced pumping. Equation 3-1 does not account for balanced pumping, and will overestimate 
losses under this condition. It should also be noted that, although not developed for use with heavier 
petroleum liquids such as kerosenes and fiiel oils, the equation is recommended for use with heavier 
petroleum liquids in the absence of better data. 

7.1.3.4 Pressure Tanks - 

Losses occur during withdrawal and filling operations in low-pressure (2.5 to 15 psig) tanks 
when atmospheric venting occurs. High-pressure tanks: are considered closed systems, with virtually 
no emissions. Vapor recovery systems are often found on low-pressure tanks. Fugitive losses are also 
associated with pressure tanks and their equipment, but with proper system maintenance, these losses 
are considered insignificant. No appropriate correlations are available to estimate vapor losses firom 
pressure tanks. ^ 

7.1.3.5 Variations Of Emission Estimation Procedures - 

All of the emission estimation procedures presented in Section 7.1.3 can be used to estimate 
emissions for shorter time periods by manipulating the inputs to the equations for the time period in 
question. For all of the emission estimation procedures, the daily average liquid surface temperature 
should be based on the appropriate temperature and solar insolation data for the time period over 
which the estimate is to be evaluated. The subsequent calculation of the vapor pressure should be 
based on the corrected daily liquid surface temperature. For example, emission calculations for the 
month of June would be based only on the meteorological data for June. It is important to note that a 
1 -month time firame is recommended as the shortest time period for which emissions should be 
estimated. 

In addition to the temperature and vapor pressure corrections, the constant in the standing 
storage loss equation for fixed roof tanks would need to be revised based on the actual time firame 
used. The constant, 365, is based on the number of days in a year. To change the equation for a 
different time period, the constant should be changed to the appropriate number of days in the time 
period for which emissions are being estimated. The only change that would need to be made to the 
working loss equation for fixed roof tanks would be to change the throughput per year to the 
throughput during the time period for which emissions are being estimated. 

Other than changing the meteorological data and the vapor pressure data, the only changes 
needed for the floating roof rim seal, deck fitting, and deck seam losses would be to modify the time 
fi-ame by dividing the individual losses by the appropriate number of days or months. The only 
change to the withdrawal losses would be to change the throughput to the throughput for the time 
period for which emissions are being estimated. 
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Another variation that is frequently made to the emission estimation procedures is an 
adjustment in the working or withdrawal loss equations if the tank is operated as a surge tank or 
constant level tank. For constant level tanks or surge tanks where the throughput and turnovers are 
high but the liquid level in the tank remains relatively constant, the actual throughput or turnovers 
should not be used in the working loss or withdrawal loss equations. For these tanks, the turnovers 
should be estimated by determining the average change in the liquid height. The average change in 
height should then be divided by the total shell height. This adjusted tumover value should then be 
multiplied by the actual throughput to obtain the net throughput for use in the loss equations. 
Alternatively, a default tumover rate of four could be used based on data from these type tanks. 

7.1.4 Hazardous Air Pollutants (HAP) Speciation Methodology 

In some cases it may be important to know the annual emission rate for a component (e. g., 
HAP) of a stored liquid mixture. There are two basic approaches that can be used to estimate 
emissions for a single component of a stored liquid mixture. One approach involves calculating the 
total losses based upon the known physical properties of the mixture (i. e., gasoline) and then 
determining the individual component losses by multiplying the total loss by the weight fraction of the 
desired component. The second approach is similar to the first approach except that the mixture 
properties are unknown; therefore, the mixture properties are first determined based on the composition 
of the liquid mixture. 

Case 1 — If the physical properties of the mixture are known (PyA' 
total losses from the tank should be estimated using the procedures described previously for the 
particular tank type. The component losses are tlien determined from either Equation 4-1 or 4-2. For 
fixed roof tanks, the emission rate for each individual component can be estimated by: 

Lt^. = (ZvXLt) (4-1) 

where: 

Lj. = emission rate of component i, Ib/yr 
Zy. = weight fraction of component i in the vapor, lb/lb 
Lj = total losses, Ib/yr 

For floating roof tanks, the emission rate for each individual component can be estimated by: 
Ly. = (Zv.)(Lr ^ Lp +L13) + (Zl.)(L^) (4-2) 

where: 

L'T' = emission rate of component i, Ib/yr 
i 

Zy = weight fraction of component i in the vapor, lb/lb 

i 

= rim seal losses, Ib/yr 
Lp = deck fitting losses, Ib/yr 
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Lj) = deck seam losses, Ib/yr 

Zt = weight fraction of component i in the Uquid, lb/lb 
i 

^WD ~ withdrawal losses, Ib/yr 

If Equation 4-1 is used in place of Equation 4-2 for floating roof tanks, the value obtained will be 
approximately the same value as that achieved with Equation 4-2 because withdrawal losses are 
typically minimal for floating roof tanks. 

In order to use Equations 4-1 and 4-2, the weight fraction of the desired component in the 
liquid and vapor phase is needed. The liquid weight fraction of the desired component is typically 
known or can be readily calculated for most mixtures. In order to calculate the weight fraction in the 
vapor phase, Raoult's Law must first be used to determine the partial pressure of the component. The 
partial pressure of the component can then be divided by the total vapor pressure of the mixture to 
determine the mole fraction of the component in the vapor phase. Raoult's Law states that the mole 
fraction of the component in the liquid (x^) multiplied by the vapor pressure of the pure component (at 
the daily average liquid surface temperature) (P) is equal to the partial pressure (Pj) of that component: 

Pi = (P)(Xi) (4-3) 

where: 

Pj = partial pressure of component i, psia 

P = vapor pressure of pure component i at the daily average liquid surface temperature, 
psia 

Xj = liquid mole fraction, Ib-mole/lb-mole 

The vapor pressure of each component can be calculated from Antoine's equation or found in 
standard references, as shown in Section 7.1.3.1. In order to use Equation 4-3, the liquid mole 
fraction must be determined from the liquid weight fraction by: 

Xi = (Zl.)(Ml) / (Mi) (4-4) 

where: 

Xj = liquid mole fraction of component i, Ib-mole/lb-mole 

Zl, = weight fraction of component i in the liquid, lb/lb 

Ml = molecular weight of liquid stock, Ib/lb-mole 

Mi = molecular weight of component i, Ib/lb-mole 

If the molecular weight of the liquid is not known, the liquid mole fraction can be determined by 
assuming a total weight of the liquid mixture (see Example 1 in Section 7.1.5). 
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The liquid mole fraction and the vapor pressure of the component at the daily average liquid 
surface temperature can then be substituted into Equation 4-3 to obtain the partial pressure of the 
component. The vapor mole fraction of the component can be determined from the following 
equation: 

yi = ^ (4-5) 

where: 

= vapor mole fraction of component i, Ib-mole/lb-mole 
Pj = partial pressure of component i, psia 
^VA vapor pressure of liquid mixture, psia 

The weight fractions in the vapor phase are calculated from the mole fractions in the vapor phase. 

y:M: 

Zv. = 11-1 (4-6) 

My 

where: 

Zy, = vapor weight fraction of component i, lb/lb 
y; = vapor mole fraction of component i, Ib-mole/lb-moIe 



= molecular weight of component i, Ib/lb-mole 
My = molecular weight of vapor stock, Ib/lb-mole 



The liquid and vapor weight fractions of each desired component and the total losses can be 
substituted into either Equations 4-1 or 4-2 to estimate the individual component losses. 

Case 2 — For cases where the mixture properties are imknown but the composition of the 
liquid is known (i. e., nonpetroleum organic mixtures), the equations presented above can be used to 
obtain a reasonable estimate of the physical properties of the mixture. For nonaqueous organic 
mixtures, Equation 4-3 can be used to determine the partial pressure of each component. If 
Equation 4-4 is used to determine the liquid mole fractions, the molecular weight of the liquid stock 
must be known. If the molecular weight of the liquid stock is unknown, then the liquid mole fractions 
can be determined by assuming a weight basis and calculating the number of moles (see Example 1 in 
Section 7.1.5). The partial pressure of each component can then be determined from Equation 4-3. 

For special cases, such as wastewater, where the liquid mixture is a dilute aqueous solution, 
Henry's Law should be used instead of Raoult's Law in calculating total losses. Henry's Law states 
that the mole fraction of the component in the liquid phase multiplied by the Henry's Law constant for 
the component in the mixture is equal to the partial pressure (P^) for that component. For wastewater, 
Henry's Law constants are typically provided in the form of atmm^/g-mole. 
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Therefore, the appropriate form of Henry's Law equation is: 

P; = (Ha) (C;) (4-7) 

where: 

P; = partial pressure of component i, atm 

= Henry's Law constant for component i, atm-m"^/g-mole 

C| = concentration of component i in the wastewater, g-mole/m-^; see Note 

Section 4.3 of AP-42 presents Henry's Law constants for selected organic liquids. The partial pressure 
calculated from Equation 4-7 will need to be converted from atmospheres to psia (1 atm = 14.7 psia). 

-J 

Note: Typically wastewater concentrations are given in mg/liter, which is equivalent to g/m . To 
convert the concentrations to g-mole/m^ divide the concentration by the molecular weight of 
the component. 

The total vapor pressure of the mixture can be calculated from the sum of the partial pressures: 

PvA = 2Pi (4-8) 

where: 

Py^ = vapor pressure at daily average liquid surface temperature, psia 
Pj = partial pressure of component i, psia 

This procedure can be used to determine the vapor pressure at any temperature. After 
computing the total vapor pressure, the mole fractions in the vapor phase are calculated using 
Equation 4-5. The vapor mole fractions are used to calculate the molecular weight of the vapor. My. 
The molecular weight of the vapor can be calculated by: 

My = I M-y- (4-9) 

where: 

My = molecular weight of the vapor, Ib/lb-mole 
M- = molecular weight of component i, Ib/lb-mole 
y; F vapor mole fraction of component i, Ib-mole/lb-mole 

Another variable that may need to be calculated before estimating the total losses, if it is not 
available in a standard reference, is the density of the liquid, W^. If the density of the liquid is 
unknown, it can be estimated based on the liquid weight fractions of each component (see 
Section 7.1.5, Example 3), 
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All of the mixture properties are now known (Py/^, My, and W^). These values can now be 
used with the emission estimation procedures outlined in Section 7.1.3 to estimate total losses. After 
calculating the total losses, the component losses can be calculated by using either Equations 4-1 or 
4-2. Prior to calculating component losses, Equation 4-6 must be used to determine the vapor weight 
fractions of each component. 
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Figure 7.1-3 External floating Roof Tank (Double Deck) 
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Figure 7.1-4. Internal floating roof tank.^" 
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Figure 7.1-5. Domed external floating roof tank. 
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Figure 7.1-6. Vapor-mounted primary seals. 
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Figure 7.1-7. Liquid-mounted and mechanical shoe primary seals. 
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Figure 7.1-8. Secondary rim seals. 
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Figure 7.1-9. Deck fittings for floating roof tanks. 
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Figure 7.1-10. Deck fittings for floating roof tanks.^^ 
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Figure 7.1-11. Slotted and unslotted guidepoles. 
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Figure 7.1-12. Ladder well. 
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Figure 7.1-13a. True vapor pressure of crude oils with a Reid vapor 
pressure of 2 to 15 pounds per square inch.^ 
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I— 0.20 



— 0.30 

120-n 

— 0.40 : 




— 13.0 

— 14.0 Notes: 

— 15 0 ^' ^ ^ **°P* °' ASTM distiUatioa curve at 10 percent evaporated, in degrees 

1- 1 c ft Fahrenheit per percent 

— 17 0 '^"^ percent) - (T at 5 pcrcent))/(10 percent). 

1_ Q In the absence of dbtillation data, the foUowing average vahies of 5 may be used: 

5- 19.0 Motor gasoline— 3.0. 

~~ 20.0 Aviatioo gasoline— 2.0. 

~ 21 .0 Light naphtha (RVP of 9-14 pounds per square inch)— 3.5. 

EI 23 0 Naphtha (RVP of 2-8 pounds per square inch)— 2.5. 

— 24^0 2. The broken line illustrates a sample problem for a gasoUne stock (5 » 3.0) with a 

Reid vapor pressure of 10 pounds per square inch and a stock temperature of 62. ST. 



Figure 7.1 -14a. True vapor pressure of refined petroleum stocks with a Reid vapor 
pressure of 1 to 20 pounds per square inch.^ 
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exp 





( 2,799 ^ 


-2.227 




+ 459.6^ 





2.227 logio (RVP) - j^YT^] ' ^^-^^ } 



Where: 



P ^ stock true vapor pressure, in pounds per square inch absolute, 
T = stock temperature, in degrees Fahrenheit. 
RVP = Reid vapor pressure, in pounds per square inch. 

Note: This equation was derived from a regression analysis of points read off Figure 7. 1-1 3a over the full 
range of Reid vapor pressures, slopes of the ASTM distillation curve at 10 percent evaporated, and 
stock temperatures. In general, the equation yields P values that are within +0.05 pound per square 
inch absolute of the values obtained directly from the nomograph. 



Figure 7. 1-1 3b. Equation for true vapor pressure of crude oils 
with a Reid vapor pressure of 2 to 15 pounds per square inch.^ 



P = exp 



Where: 



jr 0.7553 - r_dii:i_i 

[[ (^T + 459.6 J 



s"-5log,o (RVP) 



1.854 



\l + 459.6 JJ 



P = stock true vapor pressure, in pounds per square inch absolute. 
T = stock temperature, in degrees Fahrenheit. 
RVP = Reid vapor pressure, in pounds per square inch. 

S = slope of the ASTM distillation curve at 10 percent evaporated, in degrees Fahrenheit per percent. 

Note: This equation was derived from a regression analysis of points read off Figure 7.1-14a over the full range of 
Reid vapor pressures, slopes of the ASTM distillation curve at 10 percent evaporated, and stock temperatures. 
In general, the equation yields P values that are within +0.05 pound per square inch absolute of the values 
obtained directly from the nomograph. 



Figure 7.1 -14b. Equation for true vapor pressure of refined 
petroleum stocks with a Reid vapor pressure of 
1 to 20 pounds per square inch.^ 



A = 15.64 - 1.854 S^*^ - (0.8742-0.3280 S°-^)ln(RVP) 
B = 8,742 - 1,042 S^-^ - (1,049-179,4 S^-5)ln(RVP) 
where: 

RVP = stock Reid vapor pressure, in pounds per square inch 
In = natural logarithm function 

S = stock ASTM-D86 distillation slope at 10 volume percent 
evaporation (°F/vol %) 



Figure 7.1-15. Equations to determine vapor pressure constants A and B for refined 

petroleum stocks.^ 
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A = 12.82 - 0.9672 In (RVP) 




B = 7,261 - 1,216 in (RVP) 


where: 






RVP = Reid vapor pressure, psi 




In = natural logarithm function 



Figure 7.1-16. Equations to determine vapor pressure Constants A and B for crude oil stocks.* 



Daily Maximum and Minimum Liquid Surface Temperature, (°R) 
Tlx = Tla + 0-25 ATv 

Tln = Tla-0-25ATv 

where: 

^LX ~ ^^^'y maximum liquid surface temperature, *^R 

^LA defined in Note 3 to Equation 1-9 

ATy is as defined in Note 1 to Equation 1-16 

^LN ~ ^^^'y minimum liquid surface temperature, °R 



Figure 7.1-17. Equations for the daily maximum and minimum liquid surface temperatures.' 
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Figure 7.1-18. Turnover factor (K^) for fixed roof tanks.' 
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Slock triM vapor pratsm P (poundi pm squam inch abMlM) 



Notes: 

1. Broken line illustrates sanq>le problem for = 5.4 pounds ptf square inch absolute. 

2. Curve is for atmospheric pressure, equal to 14.7 pounds per square inch absolute. 
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Figure 7.1-19. Vapor pressure function. 
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Table 7.1-4. ASTM DISTILLATION SLOPE FOR SELECTED REFINED 

PETROLEUM STOCKS^ 



Refined Petroleum Stock 


Reid Vapor Pressure, RVP 
(psi) 


ASTM-D86 Distillation Slope 
At 10 Volume Percent 
Evaporated, (°F/vol%) 


Aviation gasoline 


ND 


2.0 


Naphtha 


2-8 


2.5 


Motor gasoline 


ND 


3.0 


Light naphtha 


9-14 


3.5 



^ Reference 8. ND = no data. 
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Table 7.1-5. VAPOR PRESSURE EQUATION CONSTANTS 
FOR ORGANIC LIQUIDS* 



Name 


Vapor Pressure Equation Constants 


A 


pt 

u 




(Dimensionless) 


( C) 


( C) 


Acetaldehyde 


8.005 


1600.017 


291.809 


Acetic acid 


7.387 


1533.313 


222.309 


Acetic anhydride 


7.149 


1444.718 


199.817 


Acetone 


7.117 


1210.595 


229.664 


Acetonitrile 


7.119 


1314.4 


230 


Acrylamide 


11.2932 


3939.877 


273.16 


Acrylic acid 


5.652 


648.629 


154.683 


Acrylonitrile 


7.038 


1232.53 


222.47 


Aniline 


7.32 


1731.515 


206.049 


Benzene 


6.905 


1211.033 


220.79 


outanol (isoj 


7.4743 


1314.19 


186.55 


ouianoi-^1 ) 


7.4768 


1362.39 


178.77 


Carbon disulfide 


6.942 


1169.11 


241.59 


Carbon tetrachloride 


6.934 


1242.43 


230 


L^niorooenzene 


6.978 : 


1431.05 


217.55 


t^Vt 1 A OA n ■ I ILL 

uniorororm 


6.493 


929,44 


196.03 


Chloroprene 


6.161 


783.45 


179.7 


i-^reson^-iYi ) 


7.508 


1856.36 


199.07 




6.911 


1435.5 


165.16 


Cresol(-r ) 


7.035 


1511.08 


161.85 


Cumene (isopropylbenzene) 


6.963 


1460.793 


207.78 


Cyclohexane 


6.841 


1201.53 


222.65 


Cyclohexanol 


6.255 


912.87 


109.13 


Cyclohexanone 


7.8492 


2137.192 


273.16 


jJicnioroetnane(^ i ,z j 


7.025 


1272.3 


222.9 


DicnIoroetnylene(l ,2) 


6.965 


1141.9 


231.9 


uieinyi (^iNjINJ aniiin 


7.466 


1993.57 


218.5 


Dimethyl formamide 


6.928 


1400.87 


196.43 


Dimethyl hydrazine (1,1) 


7.408 


1305.91 


225.53 


Jjimetnyi pntnaiate 


4.522 


700.31 


51.42 


Dinitrobenzene 


4.337 


229.2 


-137 


Dioxane( 1 ,4) 


7.431 


1554.68 


240.34 


Epichlorohydrin 


8.2294 


2086.816 


273.16 


htnanol 


8.321 


1718.21 


237.52 


Ethanolamine(mono-) 


7.456 


1577.67 


173.37 


Ethyl acetate 






217 88 

£.1.1 .OO 


Ethyl acrylate 


7.9645 


1897.011 


273.16 


Ethyl benzene 


6.975 


1424.255 


213.21 


Ethyl chloride 


6.986 


1030.01 


238.61 


Ethyl ether 


6.92 


1064.07 


228.8 


Formic acid 


7.581 


1699.2 


260.7 


Furan 


6.975 


1060.87 


227.74 


Furfural 


6.575 


1198.7 


162.8 


Heptane(iso) 


6.8994 


1331.53 


212.41 


Hexane(-N) 


6.876 


1171.17 


224.41 
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Table 7.1-5 (cont.). 



Mump 


Vapor Pressure Equation Constants 


A 


£5 


c 


(Dimensionless) 


( C) 


( C) 


Hexanol(-l) 


7.86 


1761.26 


196.66 


Hydrocyanic acid 


7.528 


1329.5 


260.4 


Methanol 


7.897 


1474.08 


229.13 


Methyl acetate 


7.065 


1157.63 


219.73 


Methyl ethyl ketone 


6.9742 


1209.6 


216 


Methyl isobutyl ketone 


6.672 


1168.4 


191.9 


Methyl methacrylate 


8.409 


2050.5 


274.4 


Methyl styrene (alpha) 


6.923 


1486.88 


202.4 


Methylene chloride 


7.409 


1325.9 


252.6 


Morpholine 


7.7181 


1745.8 


235 


Naphthalene 


7.01 


1733.71 


201.86 


Nitrobenzene 


7.115 


1746.6 


201.8 


Pentachloroethane 


6.74 


1378 


197 


TNI ^ 

Phenol 


7.133 


1516.79 


174.95 


ricoline(-2) 


7.032 


1415.73 


211.63 


Propanol (iso) 


. 8.117 


1580.92 


219.61 


Propylene glycol 


8.2082 


2085.9 


203.540 


Propylene oxide 


8.2768 


1656.884 


273.16 


Pyridine 


7.041 


1373.8 


214.98 


Resorcinol 


6.9243 


1884.547 


186.060 


Styrene 


7.14 


1574.51 


224.09 


Tetrachloroetnane( 1 , 1 , 1 ,/j 


6.898 


1365.88 


209.74 


Tetrachloroethane( 1 , 1 ,2,2) 


6.631 


1228.1 


179.9 


Tetrachloroethylene 


6.98 


1386.92 


217.53 


Tetrahydrofiiran 


6.995 


1202.29 


226.25 


Toluene 


6.954 


1344.8 


219.48 


Tnchloro( 1 , 1 ,2)tnnuoroethane 


D.06 








8.643 


2136.6 


302.8 


Trichloroethane(l,l,2) 


6.951 


1314.41 


209.2 


Trichloroethylene 


6.518 


1018.6 


192.7 


Trichlorofluoromethane 


6.884 


1043.004 


236.88 


Trichloropropane( 1 ,2,3) 


6.903 


788.2 


243.23 


Vinyl acetate 


7.21 


1296.13 


226.66 


Vinylidene chloride 


6.972 


1099.4 


237.2 


Xylene(-M) 


7.009 


1426.266 


215.11 


Xylene(-O) 


6.998 


1474.679 


213.69 



'Reference 12. 
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Table 7.1-6. PAINT SOLAR ABSORPTANCE FOR FIXED ROOF TANKS' 



r aiiiL i^oior 


Paint QhaHp Oi* Tvnp 
ralllL olldvlC \Jl 1 ypc 


Paint Factors (a) 


Paint Condition 


Good 


Poor 


Aluminum 


Specular 


0.39 


0.49 


Aluminum 


Diffuse 


0.60 


0.68 


Gray 


Light 


0.54 


0.63 


Gray 


Medium 


0.68 


0.74 


Red 


Primer 


0.89 


0.91 


White 


NA 


0.17 


0.34 



Reference 8. If specific information is not available, a white shell and roof, with the paint in good 
condition, can be assumed to represent the most common or typical tank paint in use. If the tank 
roof and shell are painted a different color, a is determined from a = (aj^ + a5)/2; where a^^ is the 
tank roof paint solar absorptance and ttg is the tank shell paint solar absorptance. NA = not 
applicable. 
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Annual 
Average 


68.3 
45.3 
1608 

64.3 
36.2 
1568 

65.7 
39.6 
1659 

63.5 
44.5 
1208 

71.3 
51.1 
1345 

76.7 
55.1 
1365 

84.2 
69.7 
1639 

58.7 
39.7 
1215 

62.6 
42.5 
1302 

62.0 
42.2 
1165 

67.6 
45.1 
1502 


Monthly Averages 1 


Dec. 


64.6 
38.3 
804 

46.1 
18.9 
732 

38,7 
17.9 
731 

43.6 
27.3 
489 

54.1 
34.8 
674 

62.5 
39.4 
754 

81.4 
66.5 
1133 

35.0 
20.3 
402 

38.4 
23.0 
490 

39.2 
23.7 
417 

44.6 
24.2 
690 


Nov. 


68.9 
42,1 
974 

52.4 
25.1 
884 

51.0 
28.2 
918 

54.8 
36.4 
645 

62.6 
41.3 
883 

69.5 
45.5 
941 

83.9 
69.2 
1266 

48.2 
31.4 
566 

51.2 
32.9 
677 

50,8 
32.8 
579 

55.1 
33.5 
871 


Oct. 


73.3 
47.6 
1353 

66.8 
36.9 
1301 

68.7 
41.1 
1345 

66.7 
45.9 
984 

72.9 
51.4 
1200 

77.8 
55.9 
1217 

86.7 
72.2 
1540 

64.1 
42.9 
969 

67,5 
44.4 
1068 

66.1 
43.4 
977 

71.2 ' 
46.9 
1250 


Sept. 


74.2 
51.8 
1730 

77.5 
47.7 

mi 

81.9 
52.2 
1834 

77,8 
58.0 
1318 

82.3 
63.6 
1422 

85.6 
67.6 
1364 

88.2 
72.9 
1810 

75.5 
53.9 
1354 

79.3 
55.8 1 
1454 ' 

77.9 
55.3 
1324 

82.0 ' 
59.2 
1616 


Aug. 1 


72.8 
53.2 
2106 

85.8 
57.0 
2044 

90.3 
61.5 
2182 

84.1 
65.4 
1615 

87.6 
68.7 
1709 

90.1 
71.4 
1621 

88.3 
73.6 
1967 

82,1 
61.7 
1719 

84.7 
63.7 
1806 

83.7 
62.7 
1644 

91.5 
67.9 
2032 


July 


72,1 
52.4 
2341 

88.0 
58.7 
2273 

94.0 
63.8 
2465 

85.6 
66.3 
1823 

87.9 
69.2 
1812 

90,8 
71.5 
1784 

87.1 
73.1 
2002 

83.3 
62.7 
1944 

87.1 
65.9 
2058 

85.2 
64.9 
1806 

92.9 
69.8 
2239 


June 


69.9 
49,6 
2349 

81.6 
52.4 
2351 

87.9 
56.6 
2599 

81.2 
61.2 
1883 

85.6 
65.9 
1914 

88.6 
68.5 
1844 

86,2 
71.9 
2004 

79.4 
57.7 
2007 

84.1 
62.0 
2097 

82.3 
60.9 
1868 

87.4 
64.7 
2264 


May 


67.3 
46.2 
2141 

70.7 
43.6 
2135 

76.2 
48.0 
2380 

72.7 
51.7 
1710 

79.8 
58.7 
1854 

84.2 
62.3 
1852 

84.8 
70.2 
1949 

70.0 
48.1 
1789 

74.6 
52.5 
1866 

73.4 ^ 
51.5 
1638 

77.1 
54.6 
2036 


Apr. 


65.6 
42.7 
1921 

61.0 
33.7 
1879 

65.2 
38.2 
1986 

63.0 
41.8 
1480 

73.2 
50.4 
1686 

77.8 
54.1 
1761 

82.7 
68.7 
1796 

58,8 
38.8 
1459 

64.0 
42.6 
1515 

63.1 
41.7 
1398 

68.1 
44.5 
1783 


Mar. 


63.9 
40.9 
1582 

51.2 
24.7 
1530 

54.1 
29.7 
1554 

50.9 
32.6 
1149 

63.2 
41.7 
1304 

69,9 
46.8 
1399 

81.4 
67.3 
1622 

44.3 
27.6 
1107 

48.9 
30,3 
1143 

49.3 
30.7 
1037 

55.8 
32.4 
1406 


Feb. 1 


64.2 
40.3 
1141 

46.9 
20.2 
1127 

44.5 
22.4 
1119 

41,8 
24.6 
827 

55.3 
34.5 
969 

63.1 
40.0 
1044 

80.4 
65.3 
1396 

33,9 
18.1 
760 

38.0 
20.9 
861 

38.5 
21.1 
747 

46.1 
24.1 
1058 


Jan. 


62.8 
38.8 
854 

43.1 
15.9 
840 

35.7 
15.2 
791 

39.2 
23.2 
571 

51.2 
32,6 
718 

60.3 
37.9 
795 

79.9 
65.3 
1180 

29.2 
13,6 
507 

32.8 
16.3 
585 

34.2 
17.8 
496 

39.8 
19.4 
784 


Property 


Units 


T3 -o -O -O 73 "O Ta "p "P 

'I '1 'I 1 1 1 

^^1 ^^1 ^^1 ^^1 ^o^l ^^1 ^^1 ^^1 ^^ffl 


Symbol 


X2 XZ X2 XZ XZ X2 X2 XZ XZ ><2 ><2 
<< < < < < < < < < < < < < < < < < << << 


Location 


Santa Maria, CA 
Denver, CO 
Grand Junction, CO 
Wilmington, DE 
Atlanta, GA 
Savannah, GA 
Honolulu, HI 
Chicago, IL 
Springfield, IL 
Indianapolis, IN 
Wichita, KS 



9/97 



Liquid Storage Tanks 



7.1-57 



Annual 
Average 


66.1 
46.2 
1216 

78.0 
57.0 
1379 

77.6 
58.3 
1365 

77.7 
58,7 
1437 

58.2 
38.9 
1120 

57.2 
37.7 
1135 

54.2 
35.2 
1170 

76.3 
52.9 
1409 

57.9 
35.4 
1325 

79.6 
52.8 
1864 

62.5 
45.9 
1165 


Monthly Averages 


Dec. 


45.4 
28.9 
488 

63.8 
42.3 
737 

64.0 
43.8 
706 

64,4 
44.8 
779 

35.4 
21.6 
344 

33.8 
20.7 
311 

26.7 
11.7 
353 

60.0 
37.1 
709 

36.0 
18.2 
421 

57.1 
33.6 
881 

42.3 
28.6 
454 


Nov. 


55.5 
36.6 
653 

70.1 
47.2 
920 

70.5 
48.9 
917 

70.1 
49.9 
973 

47.6 
31.4 
478 

46.0 
30.9 
446 

41.1 
25.3 
480 

67.5 
42.3 
902 

44.4 
25.5 
561 

66.0 
41.2 
1086 

54.0 
39.0 
596 


Oct. 


69.2 
46.2 
1042 

80.1 
56.3 
1301 

80.8 
57,7 
1381 

79,4 
59,0 
1335 

62.5 
41.2 
876 

61.4 
40.4 
858 

59.7 
39.4 
860 

78.6 
51.4 
1271 

61.0 
37.5 
987 

81.5 
53.5 
1540 

66.0 
48.3 
951 


Sept. 


80.6 
59.1 
1361 

87.4 
68.3 
1464 

87.5 
68.9 
1485 

86.8 
70.1 
1514 

74.4 
52.2 
1253 

73,4 
50.8 
1262 

71.0 
50.2 
1255 

87.6 
65.1 
1509 

72.3 
46.5 
1470 

94.7 
65.6 
2037 

76.9 
59.4 
1273 


Aug. 


86.7 
66.1 
1680 

90.8 
72.0 
1677 

90.8 
72.8 
1657 

90.2 
73.1 
1717 

81,5 
59.4 
1576 

81,1 
58.1 
1676 

80.9 
60.3 
1687 

92.1 
70.2 
1781 

84.3 
56.2 
2022 

101.9 
73.9 
2355 

84.0 
67,0 
1565 




87.6 
67.5 
1838 

91,4 
72,8 
1746 

91.0 
73,5 
1788 

90,7 
73,5 
1814 

83.1 
60.7 
1835 

83.0 
59.8 
1914 

83.4 
62.7 
1970 

92.5 
71.3 
1909 

86.6 
58.0 
2384 

104.5 
75.9 
2588 

85.6 
67.9 
1760 


June 


84.0 
63.3 
1904 

90.6 
70.0 
1926 

89.4 
71.4 
1970 

89.5 
70.9 
2004 

79.0 
56.3 
1866 

78.9 
55.3 
1957 

78.5 
57.7 
1928 

90.5 
67.9 
2024 

76.3 
51.6 
2174 

98.6 
68.6 
2778 

80.6 
62,4 
1795 


May 


76.2 
54.6 
1720 

85.2 
64.3 
1871 

84.1 
65.6 
1849 

84.5 
65.3 
1968 

69.4 
46,7 
1716 

69,4 
45.5 
1755 

69.4 
47.6 
1737 

84.1 
60.8 
1941 

66.4 
43.3 
1913 

87.4 
59.0 
2646 

71.6 
53.0 
1687 


Apr. 


67.5 
45.6 
1467 

79.2 
57.5 
1681 

77.8 
58.9 
1570 

78.6 
58.8 
1780 

57.7 
36.9 
1399 

56.9 
35,6 
1412 

56,0 
36.0 
1442 

77,3 
52.9 
1708 

55.9 
33.2 
1526 

77.2 
49.8 
2319 

61.3 
42.9 
1449 


Mar. 


54.9 
35.2 
1102 

71.6 
49.4 
1379 

70.5 
50.8 
1313 

71.2 
51.6 
1415 

43.4 
26.5 
1000 

41.6 
24.5 
1014 

37.5 
20.8 
1104 

68.4 
44.2 
1369 

44.0 
23.6 
1190 

68.3 
42.3 
1824 

49.1 
33.3 
1109 


Feb. 


45.0 
26.8 
789 

64.5 
42.7 
1054 

64.0 
44.5 
1010 

64.6 
44,8 
1112 

33.5 
18.0 
680 

31,7 
15.6 
648 

26,4 
8.5 
764 

60.9 
37.2 
1026 

37.9 
18,8 
763 

62.4 
37.7 
1340 

40.3 
25.3 
793 


Jan. 


40,8 
24.1 
546 

61.1 
40.5 
785 

60.8 
42.2 
728 

61.8 
43.0 
835 

30.6 
16.1 
417 

29.0 
14.9 
370 

19.9 
2.4 
464 

56.5 
34.9 
754 

29.9 
11.8 
486 

56.0 
33.0 
978 

38.2 
24.2 
552 


Property 


Units 


vvvvvvvvvvv 
"h 'c: ^c: % It: 

^^ffl ^o^ffl ^^S ^^ffl ^^ffl ^^ffl ^o^S ^o^£ 


Symbol 


XZ X2 X Z. X2 xz xz xz xz xz xz xz 
< < < < .<,< <,< ,< < < < ,<< << << < < 


Location 


Louisville, KY 

Baton Rouge, LA 

Lake Charles, LA 

New Orleans, LA 

Detroit, MI 

Grand Rapids, MI 

Minneapolis- 
St. Paul, MN 

Jackson, MS 
Billings, MT 
Las Vegas, NV 
Newark, NJ 



7.1 



-58 



EMISSION FACTORS 



9/97 



Annual 
Average 


75-3 
47.5 
1810 

55.8 
39.3 
1034 

61.0 
47.5 
1171 

58.5 
40.7 
1091 

61.5 
41.8 
1123 

58.8 
38.3 
1133 

71.2 
48.6 
1461 

71.3 
49.2 
1373 

58.1 
43.1 
1000 

62.0 
44.0 
1067 

63.4 
45.1 
1169 


Monthly Averages | 


Dec. 


56.7 
28.2 
952 

35.0 
22.5 
283 

41.5 
30.8 
457 

37.5 
24.6 
318 

39.4 
24.7 
387 

35.5 
20.6 
355 

50.7 
29.1 
725 

50.3 
29.3 
659 

48.8 
37.3 
261 

46.4 
35.4 
260 

43.0 
28.0 
470 


Nov. 


63-1 
35.0 
1131 

47.0 
33.6 
403 

52.9 
41.2 
593 

49.3 
34.3 
466 

50.7 
33.5 
538 

47.9 
30.6 
498 

59.9 
37.6 
901 

60.2 
38.1 
827 

. 53.5 
39.7 
387 

52.3 
38.6 
388 

54.5 
37.1 
619 


Oct. 


75.8 
47.5 
1527 

60.2 
42.7 
784 

64.5 
50.5 
951 

62.7 
43.6 
867 

65.0 
42.8 
945 

63.3 
40,1 
911 

74,3 
50.2 
1233 

74.9 
50.3 
1164 

61.4 
44.3 
713 

63.9 
44.6 
724 

66.5 
46.5 
959 


Sept. 


84.9 
59.6 
1913 

71.4 
52.7 
1152 

75,2 
61.2 
1280 

74.2 
54,0 
1240 

76.9 
54,6 
1282 

75.1 
51.2 
1276 

84.7 
61.9 
1554 

85.0 
62,5 
1473 

67.8 
49.2 
1183 

74.2 
51.1 
1217 

77.8 
58.6 
1281 


Aug. 


91.3 
67.0 
2242 

78.2 
59.6 
1513 

82.3 
68.2 
1583 

80.3 
60.5 
1583 

83.0 
61.7 
1641 

81.8 
58.4 
1616 

92.8 
69.4 
1950 

93.0 
70.3 
1865 

68.6 
52.6 
1499 

78.6 
55.8 
1674 

84.6 
66.0 
1575 




93.7 
- 69.0 
2441 

80.2 
61.2 
1776 

83.9 
68.9 
1784 

81.7 
61.4 
1828 

84.4 
63.2 
1755 

83.4 
60.2 
1849 

93.5 
70.6 
2128 

93.9 
72.4 
2031 

67.9 
52.2 
1746 

79.5 
55.8 
2037 ! 

86.1 
66.8 
1758 i 


June 


93.1 
.64.8 
2610 

75.6 
56.4 
1804 

78.7 
63.2 
1802 

78.0 
57.2 
1843 

81.3 
59.0 
1813 

79.9 
56.0 
1878 

87.6 
66.3 
2144 

87.9 
67.5 
2021 

63.9 
49.2 
1626 

72.7 
52.2 
1773 

81.7 
61.5 
1811 


May 


85,0 

. 55.6. 
2459 

65,9 
46.3 
1597 

69,7 
53.7 
1690 

68.5 
47.9 
1681 

72.6 
50.2 
1647 

70.5 
46.6 
1717 

79.0 
57.7 
1918 

79.7 
58.5 
1822 

60.2 
44.1 
1608 

66.9 
46.4 
1663 1 

73.0 
52.5 
1660 


Apr. 


76.9 
46.8 
2218 

54.4 
36.3 
1315 

59.6 
44.2 
1457 

57.9 
38.3 
1350 

62.3 
40.5 
1353 

59.1 
36.5 
1384 

71.7 
48.6 
1725 

72.4 
49.5 
1603 

55.5 
39.7 
1253 

60.2 
40.6 
1308 

63.2 
42.6 
1434 


Mar. 


67.7 
37.9 
1807 

40.4 
25.6 
889 

47.3 
34.6 
1118 

44.8 
28.4 
922 

49.3 
30.6 
980 

44.6 
26.1 
997 

61.0 
37.1 
1400 

60,8 
37.7 
1306 

51.9 
36.9 
866 

54.5 
37.4 
895 

50.5 
33.1 
1108 


Feb. 


60.4 
31.4 
1373 

31.4 
17,5 
546 

39.2 
27.3 
795 

34.8 
19,9 
601 

38.1 
21.5 
677 

34.0 
17.5 
680 

52.2 
29.4 
1055 

51.9 
29.5 
978 

50.6 
37.1 
545 

50.4 
36.0 
554 

41.1 
25.0 
795 


Jan. 


55.4 
27.4 
1047 

30.0 
17.0 
349 

37.4 
26.1 
548 

32.5 
18.5 
388 

34.7 
19.4 
459 

30.7 
15.5 
435 

46.6 
25.2 
801 

45,6 
24.8 
732 

46.8 
35.4 
315 

44.3 
33.5 
310 

38.6 
23.8 
555 


Property 


Units 


vvvvvvvvvvv 
1 1 % 1 1 1 


Symbol 


hV^- h^h^- h^h^- h^h^- h^h^- h^h^^ h^h^^ h^h^^ h^h^- h^h'- 


Location 


Roswell, NM 

Buffalo, NY 

New York, NY 
(LaGuardia 
Airport) 

Cleveland, OH 
Columbus, OH 
Toledo, OH 
Oklahoma City, OK 
Tulsa. OK 
Astoria, OR 
Portland, OR 
Philadelphia, PA 



Liquid Storage Tanks 



7.1-59 



Annual 
Average 


59.9 
40.7 
1069 

jy.j 
41.2 
1112 

75.3 
51.2 
1380 

56.7 
33.9 
1290 

71.6 
51.9 
1366 

70.7 
43.8 
1659 

81.6 
62.5 
1521 

76.9 
55.0 
1468 

79.1 
57.4 
1351 

77.0 
49.9 
1802 

64.0 
39.3 
1603 


Monthly Averages 


Dec. 


38.4 
24.3 
347 

40.5 
24.1 
419 

58.8 
34.7 
722 

29.3 
10.1 
441 

52.3 
34.3 
629 

51.8 
24.8 
872 

69.3 
48.8 
845 

58.1 
37.4 
780 

65.2 
42.7 
730 

59.7 
32.2 
1000 

38.9 
21.6 
570 


Nov. 


49.8 
33.3 
505 

J i,y 
34.8 
538 

67.1 
40.6 
921 

43.7 
22.3 
608 

61.4 
41.1 
817 

58.7 
32.1 
1033 

75.1 
54.9 
1043 

66.2 
44.9 
936 

71.6 
48.6 
924 

65.5 
39.0 
1176 

50.2 
29.2 
788 


Oct. 


62.9 
42.1 
895 

43.1 
907 

76.5 
50.3 
1211 

62.1 
36.7 
1005 

74,5 
51.3 
1205 

72.7 
45.5 
1404 

83.9 
64.1 
1416 

79.5 
56.3 
1276 

81.9 
57.5 
1276 

77.7 
51.1 
1522 

66.7 
39.3 
1293 


Sept. 


74.8 
53.3 
1209 

r J. i 

53.8 
1209 

85.5 
63.9 
1439 

73.5 
48.5 
1410 

84.3 
64.1 
1471 

82.4 
56.9 
1761 

90.1 
72.8 
1687 

89.7 
67.5 
1587 

88.7 
68.1 
1471 

86.4 
61.9 
1844 

80.0 
50.0 
1843 i 


Aug. 


81.1 
60.1 
1510 

o\J.j 
61.9 
1499 

91.0 
69.4 
1703 

83.9 
59.7 
1845 

90.3 
70.8 
1824 

89.6 
64.5 
2103 

94.1 
75.8 
1991 

97.3 
73.7 
1950 

93.1 
72.1 
1686 

93.1 
68.0 
2210 

90.0 
59.7 
2254 1 


>> 

3 
•— « 


82.7 
61.3 
1689 
RI 7 

0 1,/ 

63.3 
1695 

91.9 
70.1 
1842 

86.2 
61.8 
2150 

91.5 
72.6 
1972 

91.4 
66.2 
2281 

94.2 
75.6 
2186 

97,8 
74.7 
2122 

93.6 
72.5 
1828 

94.2 
69.2 
2389 

93.2 
61.8 
2590 


June 


79.1 
57.1 

1,762 

/D.D 

57.0 

89.2 
66.1 
1947 

80.3 
56.3 
2100 

88.4 
68.9 
2045 

88.2 
61.5 
2393 

91.2 
74.1 
2094 

.93.2 
70.8 
2135 

90.9 
70.2 
1898 

93.0 
66.6 
2562 

83,3 
53.3 
2561 


May 


70.8 

48.5 

1602 

fi7 

47.6 

1655 

83.8 
59.1 
1895 

70,5 
45,7 
1894 

81.0 
60.9 
1885 

79.1 
51.9 
2212 

86,7 
69.5 
1866 

84.4 
62,9 
1889 

85.1 
64.7 
1775 

86.0 
58.2 
2430 

72.4 
45.2 
2362 


Apr. 


60.7 
39.4 
1317 
S7 S 

38.3 
1374 

77.0 
50.5 
1747 

58.1 
34.6 
1543 

72.9 
52.2 
1639 

71.0 
42.0 
2019 

82.1 
63.9 
1642 

76.8 
55,0 
1627 

79.0 
58.3 
1522 

78.8 
49.4 
2192 

61.1 
37.2 
1894 


Mar. 


47.6 
29.4 
943 

29.2 
1032 

67.1 
41.9 
1355 

40.1 
20,6 
1152 

61.4 
41.9 
1278 

60.8 
32.0 
1631 

76.1 
55.7 
1430 

67.2 
44.9 
1422 

72.1 
49.8 
1297 

69.8 
40.2 
1839 

51.5 
29.9 
1454 


Feb. 


36.8 
20.7 

625 
n 7 
20.9 

739 

59.5 
34.6 
1021 

29.3 
8.9 
802 

53.0 
34.1 
945 

53.1 
26.1 
1244 

69.9 
48.7 
1147 

59.1 
37,8 
1071 

65.7 
43.2 
1034 

62.1 
33.3 
1383 

43.7 
24.4 
989 


c 


34.1 
19.2 
424 

36.4 
20.0 
506 

56.2 
33.2 
762 

22.9 
1.9 
533 

48.3 
30,9 
683 

49.1 
21.7 
960 

66.5 
46.1 
898 

54.0 
33.9 
822 

61.9 
40.8 
772 

57.6 
29.7 
1081 

37.4 
19.7 
639 


Property 


Units 


vvvvvvvvvvv 
^o^cq ^^ffl ^^S o^^ffl ^o^m 


Symbol 


XZ X2 X Z X Z X2 X2 X2 X2 X2 X2 X2 

<< << << << << < < << <<: <<: << < < 

HH— HF-— E-H— t-f-— Hf- — t-H — HH-. HH— HH^- HH — h-H — 




Location | 


Pittsburgh, PA 

Providence, RI 

Columbia, SC 

Sioux Falls, SD 

Memphis, TN 

Amarillo, TX 

Corpus Christi, TX 

Dallas, TX 

Houston, TX 

Midland-Odessa, 
TX 

Salt Lake City, UT 
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Table 7.1-8. RIM-SEAL LOSS FACTORS, K^, K^^, and n, 
FOR FLOATING ROOF TANKS^ 



Tank Construction And 
Rim-beal System 


Average-Fitting Seals 


^Ra 
(Ib-mole/ft-yr) 


^Rb „ 
[lb-mole/(mph)"-ft-yr] 


n 

(dimensionless) 




'WeldedTanks:-,;,v': V- ^ 




Mechanical-shoe seal 








Primary only*' 


5.8 


0.3 


2.1 


Shoe-mounted secondary 


1.6 


0-3 


1.6 


Rim-mounted secondary 


0.6 


0.4 


1.0 


Liquid-mounted seal 








Primary only 


1.6 


0.3 


1.5 


Weather shield 


0.7 


0.3 


1.2 


Rim-mounted secondary 


0-3 


0.6 


0.3 


Vapor-mounted seal 








Primary only 


6.7^ 


0.2 


3.0 


Weather shield 


3.3 


0.1 


3.0 


Rim-mounted secondary 


2.2 


0.003 


4.3 










Mechanical-shoe seal 
Primary only 
Shoe-mounted secondary 
Rim-mounted secondary 


10.8 
9.2 
1.1 


0.4 
0.2 
0.3 


2.0 
1.9 
1.5 



Note: The rim-seal loss factors Kj^, Kj^^, and n may only be used for wind speeds below 15 miles 
per hour. 



^ Reference 15. 

^ If no specific information is available, a welded tank with an average-fitting mechanical-shoe 
primary seal can be used to represent the most common or typical construction and rim-seal system 
in use for extemal and domed extemal floating roof tanks. 

^ If no specific information is available, this value can be assumed to represent the most common or 
typical rim-seal system currently in use for intemal floating roof tanks. 
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Table 7.1-9. AVERAGE ANNUAL WIND SPEED (v) FOR SELECTED U. S. LOCATIONS' 



Location 


Wind 
Speed 
(mph) 


Location 


Wind 
Speed 
(mph) 


Location 


Wind 
Speed 
(mph) 


Alabama 




Arizona (continued) 




Delaware 




Birmingham 


7.2 


Winslow 


8.9 


Wilmington 


9.1 


Huntsville 


8.2 


Yuma 


7.8 


District of Columbia 




Mobile 


9.0 






Dulles Airport 


7.4 


Montgomery 


6.6 


Arkansas 




National Airport 


9.4 






Fort Smith 


7.6 






Alaska 




Little Rock 


7.8 


Florida 




Anchorage 


6.9 






Apalachicola 


7.8 


Annette 


10.6 


California 




Da)^ona Beach 


8.7 


Barrow 


11.8 


Bakersfield 


6,4 


Fort Meyers 


8.1 


Barter Island 


13.2 


Blue Canyon 


6.8 


Jacksonville 


8.0 


Bethel 


12.8 


Eureka 


6.8 


Key West 


11,2 


Bettles 


6.7 


Fresno 


6.3 


Miami 


9.3 


Big Delta 


8.2 


Long Beach 


6.4 


Orlando 


8.5 


Cold Bay 


17.0 


Los Angeles (City) 


6.2 


Pensacola 


8.4 


Fairbanks 


5.4 


Los Angeles Int'l. Airport 


7.5 


Tallahassee 


6.3 


Gulkana 


6.8 


Mount Shasta 


5.1 


Tampa 


8.4 


Homer 


7.6 


Sacramento 


7.9 


West Palm Beach 


9.6 


Jimeau 


8.3 


San Diego 


6.9 






King Salmon 


10.8 


San Francisco (City) 


8.7 


Georgia 




Kodiak 


10.8 


San Francisco Aiiport 


10.6 


Athens 


7.4 


Kotzebue 


13.0 


Santa Maria 


7.0 


Atlanta 


9.1 


McGrath 


5.1 


Stockton 


7.5 


Augusta 


6.5 


Nome 


10.7 






Columbus 


6.7 


St. Paul Island 


17.7 


Colorado 




Macon 


7.6 


Talkeetna 


4.8 


Colorado Springs 


10.1 


Savannah 


7.9 


Valdez 


6.0 


Denver 


8.7 






Yakutat 


7.4 


Grand Junction 


8.1 


Hawaii 








Pueblo 


8.7 


Hilo 


7.2 


Arizona 








Honolulu 


11.4 


Flagstaff 


6.8 


Connecticut 




Kahului 


12.8 


Phoenix 


6.3 


Bridgeport 


12.0 


Lihue 


12.2 


Tucson 


8.3 


Hartford 


8.5 
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Table 7.1-9 (cont.). 





Wind 




Wind 




Wind 




Speed 




Speed 




Speed 


Location 


(mph) 


Location 


(mph) 


Location 


(mph) 


Idaho 




Louisiana 




Mississippi 




Boise 


8.8 


Baton Rouge 


7.6 


Jackson 


7.4 


Pocatello 


10.2 


Lake Charles 


8.7 


Meridian 


6-1 






New Orleans 


8.2 






Illinois 




Shreveport 


8.4 


Missouri 




Cairo 


8.5 






Columbia 


9.9 


Chicago 


10.3 


Maine 




Kansas City 


10.8 


Molina 


10.0 


Caribou 


11.2 


Saint Louis 


9.7 


Peoria 


10.0 


Portland 


8-8 


Springfield 


10.7 




in 0 










Springfield 


11.2 


Maryland 




Montana 








Baldmore 


9.2 


Billings 


11.2 


Indiana 








Glasgow 


10.8 


Evansville 


8.1 


Massachusetts 




Great Falls 


12.8 


Fort Wayne 


10-0 


Blue Hill Observatory 


15.4 


Helena 


7.8 


Indianapolis 


9.6 


Boston ' 


12.5 


Kalispell 


6.6 


South Bend 


10.3 


Worcester 


10.1 


Missoula 


6.2 


Iowa 




Michigan 




Nebraska 




Des Moines 


10.9 


Alpena 


8.1 


Grand Island 


11.9 


Sioux City 


11.0 


Detroit 


10.4 


Lincoln 


10.4 


Waterloo 


10.7 


Flint 


10.2 


Norfolk 


11.7 






Grand Rapids 


9.8 


North Platte 


10.2 


Kansas 




Houghton Lake 


8.9 


Omaha 


10.6 


Concordia 


12.3 


Lansing 


10.0 


Scottsbuff 


10-6 


Dodge City 


14.0 


Muskegon 


10.7 


Valentine 


9.7 


Goodland 


12.6 


Sault Sainte Marie 


9.3 






Topeka 


10.0 






Nevada 




Wichita 


12.3 


Minnesota 




Elko 


6.0 






Duluth 


11.1 


Ely 


10.3 


Kentucky 




International Falls 


8.9 


Las Vegas 


9.3 


Cincinnati Airport 


9.1 


Minneapolis-Saint Paul 


10.6 


Reno 


6.6 


Jackson 


7.2 


Rochester 


13.1 


Winnemucca 


8.0 


Lexington 


9.3 


Saint Cloud 


8.0 






Louisville 


8.4 
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Table 7.1-9 (cont.). 





Wind 




Wind 




Wind 




Speed 




Speed 




Speed 


Location 


(mph) 


Location 


(mph) 


Location 


(mph) 


New Hampshire 




Ohio 




Rhode Island 






6 7 


A Wrnn 




rro V lucHL'C 


in ^ 


Mount Washinfftnn 


35 3 


Clpvplflnd 












W U 1 Ul J 1 U 




ouuui v^diuiiiia 




New Jersey 




Davton 


9.9 


Charleston 


8.6 


AtlnntiV Pitv 


in 1 

1 v. 1 


iVidliallciU 


1 1 n 


V_/UlUmula 




Newark 


10.2 


Toledo 


9 4 


OrppTivillp- 


6.9 






Youngstown 


9.9 


Spartanburg 




New Mexico 








South Dakota 




Albuquerque 


9.1 


Oklahoma 




Aberdeen 


11.2 


Roswell 


8.6 


Oklahoma City 


12.4 


Huron 


11.5 . 






[ Tulsa 


10.3 


Rapid City 


11.3 


New York 








Sioiix Falls 


11.1 


A Ihanv 


8,9 










Birmingham 


10.3 


Astoria 


8.6 


Tennessee 




Buffalo 


12.0 


Eugene 


7.6 


Bristol-Johnson 


5.5 








• City 




New York (Central Park) 


9.4 


Medford 


4.8 ' 


Chattanooga 


6.1 


New York (JFK Airport) 


12.0 


Pendleton 


8.7 


Knoxville 


7:0 


New York (La Guardia 












Airport) 


12.2 


Portland 


7.9 


Memphis 


8.9 


Rochester 


9.7 


Salem 


7.1 


Nashville 


8.0 


Syracuse 


9.5 


Sexton Summit 


11.8 


Oak Ridge 


4.4 


North Carolina 




Pennsylvania 




Texas 




Asheville 


7.6 


Allentown 


9.2 


Abilene 


12.0 


Cape Hatteras 


11.1 


Avoca 


8.3 


Amarillo 


13.6 


Charlotte 


7.5 


Erie 


11.3 


Austin 


9,2 


Greensboro-High Point 


7.5 


Harrisburg 


7.6 


Brownsville 


11.5 


Raleigh 


7,8 


Philadelphia 


9.5 


Corpus Christi 


12.0 


Wilmington 


8.8 


Pittsburgh Int'l 


9.1 


Dallas-Fort Worth 


10.8 






Airport 












Williamsport 


7.8 


Del Rio 


9.9 


North Dakota 








El Paso 


8.9 


Bismark 


10,2 


Puerto Rico 




Galveston 


11.0 


Fargo 


12.3 


San Juan 


8.4 


Houston 


7.9 


Williston 


10.1 






Lubbock 


12.4 
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Table 7.1-9 (cont.). 



Location 


Wind 
Speed 
(mph) 


Location 


Wind 
Speed 
(mph) 


Texas (continued) 




Wisconsin 




Midland-Odessa 


11.1 


Green Bay 


10.0 


Port Arthur 


9.8 


La Crosse 


8.8 


San Angelo 


1 f\ A 


Madison 




San Antonio 


9.3 


Milwaukee 


11.6 


Victoria 


10.1 






Waco 




w yoming 




Wichita Falls 


11.7 


Casper 


12.9 






Cheyenne 


13.0 


Utah 




Lander 


6.8 


Salt Lake City 


8.9 


Sheridan 


8.0 


Vermont 








Burlington 


8.9 






Virginia 








Lynchburg 


7.7 






Norfolk 


10.7 






Richmond 


11 






Roanoke 


8.1 






Washington 








Olympia 


6.7 






Quillayute 


6.1 






Seattle Int'l. Airport 


9.0 






Spokane 


8.9 






Walla Walla 


5.3 






Yakima 


7.1 






West Virginia 








Belkley 


9.1 






Charleston 


6.3 






Elkins 


6.2 






Huntington 


6.6 







Reference 13. 
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Table 7.1-10. AVERAGE CLINGAGE FACTORS, C 
(bbl/lO^ ft2) 



Product Stored 


Shell Condition 


Light Rust 


Dense Rust 


Gunite Lining 


Gasoline 


0.0015 


0.0075 


0.15 


Single-component stocks 


0.0015 


0.0075 


0.15 


Crude oil 


0.0060 


0.030 


0.60 



Reference 3. If no specific information is available, the values in this table can be assumed to 
represent the most common or typical condition of tanks currently in use. 



Table 7.1-11. TYPICAL NUMBER OF COLUMNS AS A FUNCTION OF TANK 
DIAMETER FOR INTERNAL FLOATING ROOF TANKS WITH COLUMN- 
SUPPORTED FIXED ROOFS^ 





Typical Number 


Tank Diameter Range D, (ft) 


Of Columns, N^- 


0 < D < 85 


1 


85 < D < 100 


6 


100<D<120 


7 


120<D < 135 


8 


135<D<150 


9 


150<D<170 


16 


170<D < 190 


19 


190 < D < 220 


22 


220 < D < 235 


31 


235 < D < 270 


37 


270 < D < 275 


43 


275 < D < 290 


49 


290 < D < 330 


61 


330 < D < 360 


71 


360 < D < 400 


81 



Reference 4. This table was derived from a survey of users and manufacturers. The actual number 
of columns in a particular tank may vary greatly with age, fixed roof style, loading specifications, 
and manufacturing prerogatives. Data in this table should not be used when actual tank data are 
available. 
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Table 7.1-12. DECK-FITTING LOSS FACTORS, Kp^, Kp^, 
AND m, AND TYPICAL NUMBER OF DECK FITTINGS, Np' 



Fitting Type And Construction Details 


Loss Factors 


Tvnical Number Of 
Fittings, Np 


(Ib-mole/yr) 


(lb-mole/(mph) -yr) 


m 

(dimensionless) 


Access hatch (24-inch diameter well) 








1 
1 


Bolted cover, gasketed^ 


1.6 


0 


0 




Unbolted cover, ungasketed 


36*= 


5.9 


1.2 




Unbolted cover, gasketed 


31 


5.2 


1.3 




Fixed roof support column well** 










Round pipe, ungasketed sliding cover 


31 






(Table 7.1-11) 


Round pipe, gasketed sliding cover 


25 








Round pipe, flexible fabric sleeve seal 


10 








Built-up colunm, ungasketed sliding cover^ 


47 








Built-up column, gasketed sliding cover 


33 








Unslotted guide-pole and well (8-inch 










diameter unslotted pole, 2 1 -inch 










diameter well) 








1 


Ungasketed sliding cover^ 


1 1 


/I JU : 


t A 
1 




Ungasketed sliding cover w/pole sleeve 


0^ 
Zj 




9 1 




Gasketed sliding cover 


0^ 


I J 


2.2 




Gasketed sliding cover w/pole wiper 


1 A 


-5- ' 


n 7ft 




Gasketed sliding cover w/pole sleeve 


o.O 


19 


U.O 1 




Slotted guide-pole/sample well (8-inch 










diameter slotted pole, 21 -inch 










diameter well)® 








f . . 


Ungasketed or gasketed sliding cover 


A'X 




1 .*+ 




Ungasketed or gasketed sliding cover, 










with float^ 


31 


36 


2.0 




Gasketed sliding cover, with pole wiper 


41 


48 


1.4 




Gasketed sliding cover, with pole sleeve 


11 


46 


1.4 




Gasketed sliding cover, with pole sleeve 










and pole wiper 


8.3 


4.4 


1.6 




Gasketed sliding cover, with float and 










pole wiper^ 


21 


7.9 


1.8 




Gasketed sliding cover, with float, pole 










alccvc, diiu puic wipci 


11 


9.9 


0.89 




Gauge-float well (automatic gauge) 








1 


Unbolted cover, ungasketed 


14^ 


5.4 


1,1 




Unbolted cover, gasketed 


4.3 


17 


0.38 




Bolted cover, gasketed 


2.8 


0 


0 




Gauge-hatch/sample port 








1 


Weighted mechanical actuation. 










gasketed** 


0.47 


0.02 


0.97 




Weighted mechanical actuation. 










ungasketed 


2.3 


0 


0 




Slit fabric seal, 10% open area*^ 


12 








Vacuum breaker 








N^b (Table 7.1-13y 


Weighted mechanical actuation. 








ungasketed 


7.8 


0.01 


4.0 




Weighted mechanical actuation, gasketed^ 


6.2*= 


1.2 


0.94 
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Table 7.1-12 (cont.). 



Fitting Type And Construction Details 


Loss Factors 


Typical Number Of 
Fittings, Np 


^Fa 
nh-molp/vr'i 




m 


Deck drain (3 -inch diameter) 








(Table 7.1-13) 


Open*' 


1.5 


0.21 


1.7 




90% cloied 


1.8 


0.14 


1.1 




Stub drain (1-inch diameter)^ 


1.2 






XT /TT-iUI— Til C\ 

N(j (Table 7.1-15) 


Deck leg (3-inch diameter) 








N, (Table 7.1-15), 


Adjustable, internal floating deck*^ 


7.9 






(Table 7,1-14) 


Adjustable, pontoon area - ungasketed** 


2.0 


0.37 


0.91 




/\Qjusiauie, ponioon area - gabKcieu 


1.3 


0.08 


0.65 




AHiiiQfjihIp nonfnnri arpa - ^ncW 


1.2 


0.14 


0.65 




Adjustable, center area - ungasketed** 


0.82 


0.53 


0.14 




Adjustable, center area - gasketed"* 


0.53 


0.11 


0.13 




Adjustable, center area - sock"* 


0.49 


0.16 


0.14 




Adjustable, double-deck roofs 


0.82 


0.53 


0.14 




Fixed 


0 


0 


0 




Rim vent" 








1 


Weighted mechanical actuation, ungasketed 


0.68 


1.8 


1.0 




Weighted mechanical actuation, gasketed*' 


0.71 


0.10 


1.0 




Ladder well 








: 1** . 


Sliding cover, ungasketed*^ 


76 








Sliding cover, gasketed 


56 









Note: The deck-fitting loss factors, Kp^, Kp^, and m, may only be used for wind speeds below 
15 niiles per hour. 



^ Reference 5, unless otherwise indicated. 

^ If no specific information is available, this value can be assumed to represent the most common or 
typical deck fitting currently in use for extemal and domed external floating roof tanks. 

^ If no specific information is available, this value can be assumed to represent the most common or 
typical deck fitting currently in use for internal floating roof tanks. 

^ Column wells and ladder wells are not typically used with self supported fixed roofs. 

^ References 16,19. 

A slotted guide-pole/sample well is an optional fitting and is not typically used. 

^ Tests were conducted with floats positioned with the float wiper at and I inch above the sliding 
cover. The user is cautioned against applying these factors to floats that are positioned with the 
wiper or top of the float below the sliding cover ("short floats"). The emission factor for such a 
float is expected to be between the factors for a guidepole without a float and with a float, 
depending upon the position of the float top and/or wiper within the guidepole. 

^ Tests were conducted with floats positioned with the float wiper at varying heights with respect to 
the sliding cover. This fitting configuration also includes a pole sleeve which restricts the airflow 
from the well vapor space into the slotted guidepole. Consequently, the float position within the 
guidepole (at, above, or below the sliding cover) is not expected to significantly affect emission 
levels for this fitting configuration, since the function of the pole sleeve is to restrict the flow of 
vapor from the vapor space below the deck into the guidepole. 

J Nyjj = 1 for internal floating roof tanks. 

^ Stub drains are not used on welded contact internal floating decks. 

^ These loss factors were derived using the results from pontoon-area deck legs with gaskets and 
socks. 

" Rim vents are used only with mechanical-shoe primary seals. 
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Table 7.1-13. EXTERNAL FLOATING ROOF TANKS: TYPICAL NUMBER OF 
VACUUM BREAKERS, N^t,, AND DECK DRAINS, N/ 



Tank Diameter 


Number Of Vacuum Breakers, N^^, 




D (feet)^ 


Pontoon Roof 


Double-Deck Roof 


Number Of Deck drams, N^j 


50 


1 


1 


1 


100 


1 


1 


1 


150 


2 


2 


2 


200 


3 


2 


3 


250 


4 


3 


5 


300 


5 


3 


7 


350 


6 


4 


ND 


400 


7 


4 


ND 



^ Reference 3. This table was derived from a survey of users and manufacturers. The actual number 
of vacuum breakers may vary greatly depending on throughput and manufacturing prerogatives. The 
actual number of deck drains may also vary greatly depending on the design rainfall and 
manufacturing prerogatives. For tanks more than 350 feet in diameter, actual tank data or the \ 
manufacturer's reconmiendations may be needed for the number of deck drains. This table should 

i. not be used when actual tank data are available. ND = no data. 

^ If the actual diarneter is between the diameters listed, the closest diameter listed should be used. If. 
the actual diameter is midway between the diameters listed, the next larger diameter should be used. 
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Table 7.1-14. EXTERNAL FLOATING ROOF TANKS: TYPICAL NUMBER OF 



ROOF LEGS, N,' 



1 diiK L/iaincLcr, i-j ^icci^ 


Pontoon Roof 


Number Of Legs On 

JL/OUUIC-I^CCK. IvOOl 


Number Of Pontoon 
Legs 


Number Of Center Legs 


30 


4 


2 


6 


40 


4 


4 


7 


50 


6 


6 


8 


60 


9 


7 


10 


70 


13 


9 


13 


80 


15 


10 


16 


90 


16 


12 


20 


100 


17 


16 


25 


110 


18 


20 


29 


120 


19 


24 


34 


130 


20 


28 


40 


140 


21 


33 


46 


150 


23 


38 


52 


160 


26 


42 


58 


: . 170 


27 


49 


66 


180 


28 


56 


74 


190 


29 


62 


82 


" ' 200 


30 


69 


90 


210 


31 


77 


98 


220 


32 


83 


107 


230 


33 


92 


115 


240 


34 


101 


127 


250 


35 


109 


138 


260 


36 


118 


149 


270 


36 


128 


162 


280 


37 


138 


173 


290 


38 


148 


186 


300 


38 


156 


200 


310 


39 


168 


213 


320 


39 


179 


226 


330 


40 


190 


240 


340 


41 


202 


255 


350 


42 


213 


270 


360 


44 


226 


285 


370 


45 


238 


300 


380 


46 


252 


315 


390 


47 


266 


330 


400 


48 


281 


345 



Reference 3. This table was derived from a survey of users and manufacturers. The actual number 
of roof legs may vary greatly depending on age, style of floating roof, loading specifications, and 
manufacturing prerogatives. This table should not be used when actual tank data are available. 
If the actual diameter is between the diameters listed, the closest diameter listed should be used. If 
the actual diameter is midway between the diameters listed, the next larger diameter should be used. 
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Table 7.1-15. INTERNAL FLOATING ROOF TANKS: TYPICAL NUMBER 
OF DECK LEGS, N;, AND STUB DRAINS, N/ 



Deck fitting type 


Typical Number Of Fittings, Np 


Deck leg or hanger well*^ 
Stub drain (1-inch diameter)^'^ 


D D^, 

(5+ — + ) 

10 600 

125 



^ Reference 4 

^ D = tank diameter, ft 

^ Not used on welded contact internal floating decks. 



Table 7.1-16. DECK SEAM LENGTH FACTORS (Sq) FOR TYPICAL DECK 
CONSTRUCTIONS FOR INTERNAL FLOATING ROOF TANKS^ 



Deck Construction 


Typical Deck Seam Length Factor, 

Sd (ft/ft') 


Continuous sheet construction^ ; 




5 ft wide 


0.20^ 


6 ft wide 


0.17 


7 ft wide 


0.14 


Panel construction^ 




5 X 7.5 ft rectangular 


0.33 


5 X 12 ft rectangular 


0.28 



^ Reference 4. Deck seam loss applies to bolted decks only. 
^ Sj3 = lAV, where W = sheet width (ft). 

^ If no specific information is available, this value can be assumed to represent the most common 

bolted decks currently in use. 
^ Sp = (L+W)/LW, where W = panel width (ft) and L = panel length (ft). 
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7.1.5 Sample Calculations 

Example 1 - Chemical Mixture in a Fixed Roof Tank 

Determine the yearly emission rate of the total product mixture and each component for a chemical 
mixture stored in a vertical cone roof tank in Denver, Colorado. The chemical mixture contains (for 
every 3,171 lb of mixture) 2,812 lb of benzene, 258 lb of toluene, and 101 lb of cyclohexane. The 
tank is 6 ft in diameter, 12 ft high, usually holds about 8 ft of product, and is painted white. The tank 
working volume is 1,690 gallons. The number of turnovers per year for the tank is five (i. e., the 
throughput of the tank is 8,450 gal/yr). 

Solution 

1 . Determine tank type . The tank is a fixed-cone roof, vertical tank. 

2. Determine estimating methodology . The product is made up of three organic liquids, all of which: 
are miscible in each other, which makes a homogenous mixture if the material is well mixed. The 
tank emission rate will be based upon the properties of the mixture. Raoult's Law (as discussed in the . 
HAP Speciation Section) is assumed to apply to the mixture and will be used to determine the 
properties of the mixture. 

3. Select equations to be used . For a vertical, fixed roof storage tank, the following equations apply: 

Lt = Ls + Lw (1-1) 
Ls = 365 WvVvKeKs (1-2) 
L^ = 0.0010 MvPvaQKnKp (1-23) 

where: 

Lj = total loss, Ib/yr 

Lg = standing storage loss, Ib/yr 
^W ~ working loss, Ib/yr 
Vy = tank vapor space volume, ft^ 

Vy = 7t/4 d2 Hyo (1-3) 
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Wy = vapor density, Ih/Qr 



MyPvA 



K£ = vapor space expansion factor, dimensionless 

ATy APy - APb 

iVg — + 

^LA " ^VA 

Kg = vented vapor space saturation factor, dimensionless 

1 



1 + 0.053 PvaHvo 
D = diameter, ft 

Hyq= vapor space outage, ft 

My = molecular weight of vapor, Ib/lb-mole 

^VA ~ vapor pressure at the daily average liquid surface temperature, psia 

R = ideal gas constant = 10-731 psia — ft^ 

lb -mole • °R 

^LA ^ ^^^^y average liquid surface temperature, °R 

ATy = daily vapor temperature range, °R 

APy = daily vapor pressure range, psia 

APg = breather vent pressure setting range, psi 

Py^ = atmospheric pressure, psia 

Q = annual net throughput, bbl/yr 

= working loss turnover factor, dimensionless 

Kp = working loss product factor, dimensionless 

4. Calculate each component of the standing storage loss and working loss functions . 

a. Tank vapor space volume, Vy: 



Vy = 7t/4 Hyo 



D = 6 ft (given) 
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For a cone roof, the vapor space outage, HyQ is calculated by: 

Hvo = Hs-Hl + Hro (1-4) 
Hg = tank shell height, 12 ft (given) 
Hl = stock liquid height, 8 ft (given) 
HrO= roof outage, 1/3 Hr = 1/3(Sr)(Rs) (1-6) 
Sj^ = tank cone roof slope, 0.0625 ft/ft (given) (see Note 1 to Equation 1-4) 
Rg = tank shell radius = 1/2 D = 1/2 (6) = 3 
Substituting values in Equation 1-6 yields, 

Hro = i (0 0625)(3) = 0.0625 ft 
3 

Then use Equation 1-4 to calculate HyQ, 

HyQ = 12 - 8 + 0.0625 = 4.0625 ft 

Therefore, 

Vy = 5 (6)^ (4.0625) = 1 14.86 ft^ 
4 

b. Vapor density, Wy: 

W,, = J 

R T 



Wv . (1-9) 



LA 

R = ideal gas constant = 10.731 psiatf 

lb-mole •''R 

My = stock vapor molecular weight, Ib/lb-mole 

PvA ^ stock vapor pressure at the daily average liquid surface temperature, psia 
^LA ^ ^^^^y average liquid surface temperature, °R 
First, calculate using Equation 1-13. 

= 0.44 T^^ + 0.56 Tg + 0.0079 a I (1-13) 
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where: 

T^^ = daily average ambient temperature, °R 
Tg = liquid bulk temperature, °R 
I = daily total solar insolation, Btu/ft^ti = 1,568 (see Table 7.1-7) 
a = tank paint solar absorptance = 0.17 (see Table 7.1-6) 
T^^ and Tg must be calculated from Equations 1-14 and 1-15. 

^ ^ ^AX Tan (1.14) 
^AA 2 

from Table 7.1-7, for Denver, Colorado: 

^AX ^ ^ily maximum ambient temperature = 64.3°F 

^AN ~ ^^^'y minimum ambient temperature = 36.2°F 
Converting to °R: 

Tax = 64.3 + 460 = 524.3°R 



Therefore, 



Tan= 36.2 + 460 = 496.2°R 

Taa = (524.3 + 496.2)/2 = 510.25 °R 

Tg = liquid bulk temperature = T^y^ -H 6a - 1 (1-15) 
^AA 510.25 °R from previous calculation 

a = paint solar absorptance = 0.17 (see Table 7.1-6) 

I = daily total solar insolation on a horizontal surface = 1,568 Btu/ft^-d (see 
Table 7.1-7) 

Substituting values in Equation 1-15 

Tg = 510.25 + 6 (0.17) - 1 = 510.27 °R 

Using Equation 1-13, 

Tla = (0.44) (510.25°R) + 0.56 (510.27°R) + 0.0079 (0.17) (1,568) - 512.36°R 

Second, calculate Py^ using Raoult's Law. 
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According to Raoult*s Law, the partial pressure of a component is the product of its pure vapor 
pressure and its Hquid mole fraction. The sum of the partial pressures is equal to the total vapor 
pressure of the component mixture stock. 



The pure vapor pressures for benzene, toluene, and cyclohexane can be calculated from Antoine's 
equation. Table 7.1-5 provides the Antoine's coefficients for benzene, which are A = 6.905, 
B = 1,211.033, and C = 220.79. For toluene, A = 6.954, B = 1,344.8, and C = 219.48. For 
cyclohexane, A = 6.841, B = 1,201.53, and C = 222.65. Therefore: 

log P = A - ^ 

T + C 

^LA' average liquid surface temperature (°C) = (512.36 - 492)/1.8 = 11 
For benzene, 

, ^ ^o^. 1,211.033 
log P = 6.905 - ' 



{irC + 220.79) 
P = 47.90 mmHg = 0.926 psia . 



Similarly for toluene and cyclohexane, - 

P = 0.255 psia for toluene 

P = 0.966 psia for cyclohexane 

In order to calculate the mixture vapor pressure, the partial pressures need to be calculated for each 
component. The partial pressure is the product of the pure vapor pressures of each component 
(calculated above) and the mole fractions of each component in the liquid. 

The mole fractions of each component are calculated as follows: 



Component 


Amount, lb 




Moles 




Benzene 


2,812 


78.1 


36.0 


0.90 


Toluene 


258 


92.1 


2.80 


0.07 


Cyclohexane 


101 


84.2 


1.20 


0.03 


Total 






40.0 


1.00 



where: 



M- = molecular weight of component 
X- = liquid mole fraction 



The partial pressures of the components can then be calculated by multiplying the pure vapor pressure 
by the liquid mole fraction as follows: 
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Component 


P at 52°F 




p 

Dartial 


Benzene 


0.926 


0.90 


0.833 


Toluene 


0.255 


0.07 


0.018 


Cyclohexane 


0.966 


0.03 


0.029 


Total 




1.0 


0.880 



The vapor pressure of the mixture is then 0.880 psia. 

Third, calculate the molecular weight of the vapor, My. Molecular weight of the vapor depends upon 
the mole fractions of the components in the vapor. 



My = LM-y- 

where: 

Mj = molecular weight of the component 
Yj = vapor mole fraction 

The vapor mole fractions, y^, are equal to the partial pressure of the component divided by the total 
vapor pressure of the mixture. 

Therefore, 

ybenzene = PpartiAtal = 0.833/0.880 = 0.947 
Similarly, for toluene and cyclohexane, 

ytoluene ^ ^partial^total ^ ^'^^O 
ycyclohexane ~ ^partial^total ~ 0-033 
The mole fractions of the vapor components sum to 1.0. 
The molecular weight of the vapor can be calculated as follows: 



Component 


M,. 






Benzene 


78.1 


0.947 


74.0 


Toluene 


92.1 


0.020 


1.84 


Cyclohexane 


84.2 


0.033 


2.78 


Total 




1.0 


78.6 
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Since all variables have now been solved, the stock density, Wy, can be calculated: 



MyPvA 



(78.6) (0.880) .,_26xl0-2 



(10.731) (512.36) ft3 
c. Vapor space expansion factor, Kg: 

TlA ~ ^VA 

where: 

ATy = daily vapor temperature range, °R 

APy = daily vapor pressure range, °R 

APq = breather vent pressure setting range, psia 

= atmospheric pressure, 14.7 psia (given) 

^VA ~ vapor pressure at daily average liquid surface temperatures psia = 0.880 psia (from 
Step 4b) 

^LA ~ ^^^^y average liquid siu^ace temperature, °R = 512.36°R (from Step 4b) 
First, calculate the daily vapor temperature range from Equation 1-17: 

ATy = 0.72AT^ + 0.028al (1-17) 

where: 

ATy = daily vapor temperature range, °R 
AT^ = daily ambient temperature range = - T^^ 
a = tank paint solar absorptance, 0.17 (given) 
I = daily total solar insolation, 1,568 Btu/ft -d (given) 
from Table 7.1-7, for Denver, Colorado: 
Tax= 64.3°F 
Tan= 36.2°F 
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Converting to °R, 

T^X = 64.3 + 460 = 524.3°R 

T^^= 36.2 4- 460 = 496.2°R 
From equation 1-17 and AT^^ ^ ^^ax ' ^AN 

AT^ = 524.3 - 496.2 = 28.1°R 
Therefore, 

ATy = 0.72 (28.1) + (0.028)(0.17)(1568) = 27.7°R 
Second, calculate the daily vapor pressure range using Equation 1-18: 

APv = Pvx-PvN (1-18) 

Pyx, PyN - vapor pressures at the daily maximum, minimxun liquid temperatures can be calculated 
in a manner similar to the Py^ calculation shown earlier. 

Tlx ^ niaximum liquid temperature, T^^ + 0.25 ATy (from Figure 7.1-17) 

T^N = minimum liquid temperature, Tl^ - 0.25 ATy (from Figure 7.1-17) 

^la" 512.36 (from Step 4b) 

ATy= 27.7°R 

Tlx = 512.36 + (0.25) (27.7) = 519.3*^R or 59°F 

Tln = 512.36 - (0.25) (27.7) = 505.4°R or 45°F 

Using Antoine's equation, the pure vapor pressures of each component at the minimum liquid surface 
temperature are: 

Pbenzene = 0-758 psia 
Ptoluene = 0-203 psia 
Pcyclohexane = 0.794 psia 
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The partial pressures for each component at can then be calculated as follows: 



Component 


P at 45°F 




P 

partial 


Benzene 


0.758 


0.90 


0.68 


Toluene 


0.203 


0.07 


0.01 


Cyclohexane 


0.794 


0.03 


0.02 


Total 




1.0 


0.71 



Using Antoine's equation, the pure vapor pressures of each component at the maximum liquid 
surface temperature are: 



Pbenzene= 114psia 
Ptoluene= 0.32 psia 
Pcyclohexane = 1.18 psia 
The partial pressures for each component at T^^ can then be calculated as follows: 



Component 


P 




P ' 
' partal 


Benzene 


1.14 


0.90 


1.03 


Toluene 


0.32 


0.07 


0.02 


Cyclohexane 


1.18 


0.03 


0.04 


Total 




1.0 


1.09 



Therefore, the vapor pressure range, APy = - Pln = 1.09 - 0.710 = 0.38 psia. 
Next, calculate the breather vent pressure, APg, from Equation 1-20: 

= PbP - PbV (1-20) 



where: 

Pgp = breather vent pressure setting = 0.03 psia (given) (see Note 3 to Equation 1-16) 
Pgy = breather vent vacuum setting = -0.03 psig (given) (see Note 3 to Equation 1-16) 
APg = 0.03 - (-0.03) = 0.06 psig 
Finally, K£, can be calculated by substituting values into Equation 1-16. 

^ (27.7) ^ 0.38 - 0.06 psia ^ ^ 
^ (512.36) 14.7 psia - 0.880 psia 
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d. Vented vapor space saturation factor. Kg: 

Ko = ! (1-22) 

^ 1 + 0.053 PvaHvo 

where: 

Py^ = 0.880 psia (from Step 4b) 

Hyo = 4.0625 ft (from Step 4a) 

Kc = ! = 0.841 

^ 1 + 0.053(0.880)(4.0625) 

5. Calculate standing storage losses . 

Lg = 365 WyVyKeKg 

Using the values calculated above: 

Wy = 1.26 X 10-2 Jb_ (from Step 4b) 
ft' 

Vy = 1 14.86 ft^ (from Step 4a) 
Ke = .0.077 (from Step 4c) 
Kg = 0.841 (from Step 4d) 

Lg = 365 (1.26 X 10-2)(114.86)(0.077)(0.841) = 34.2 Ib/yr 

6. Calculate working losses . 

The amount of VOCs emitted as a result of filling operations can be calculated from the 
following equation: 

= (0.0010) (Mv)(Pva)(Q)(Kn)(Kp) (1-23) 

From Step 4: 

Mv= 78.6 (from Step 4b) 
Py^ = 0.880 psia (from Step 4b) 
Q = 8,450 gal/yr x 2.381 bbl/100 gal = 201 bbl/yr (given) 

Kp = product factor, dimensionless = 1 for volatile organic liquids, 0.75 for crude oils 
Kj^ = 1 for tmnovers <36 (given) 
N = turnovers per year = 5 (given) 
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= (0.0010)(78.6)(0.880)(201)(1)(1) = 13.9 Ib/yr 
7. Calculate total losses, 



where: 



Ls= 34.2 1b/yr 

13.9 1b/yr 

L^= 34.7 + 13.9 = 48.1 Ib/yr 

8. Calculate the amount of each component emitted from the tank . 

The amount of each component emitted is equal to the weight fraction of the component in the 
vapor times the amount of total VOC emitted. Assuming 100 moles of vapor are present, the number 
of moles of each component will be equal to the mole fraction multiplied by 100. This assumption is 
valid regardless of the actual nimiber of moles present. The vapor mole fractions were determined in 
Step 4b. The weight of a component present in a mixture is equal to the product of the number of 
moles and molecular weight, Mj, of the component. The weight fraction of each component is 
calculated as follows: 

Weight fraction - PQ^j^^s ^ 

total pounds 

Therefore, 



Component 


No. of moles x 


Mj 


PoimdSj 


Weight 
fraction 


Benzene 


(0.947 X 100) = 94.7 


78.1 


7,396 


0.94 


Toluene 


(0.02 X 100) = 2.0 


92.1 


184 


0.02 


Cyclohexane 


(0.033 X 100) = 3.3 


84.3 


278 


0.04 


Total 


100 




7,858 


1.0 



The amount of each component emitted is then calculated as: 
Emissions of component^ = (weight fractionj)(Lj) 



Component 


Weight fraction x 


Total VOC emitted, 
Ib/yr 


Emissions, Ib/yr 


Benzene 


0.94 


48.1 


45.2 


Toluene 


0.02 


48.1 


0.96 


Cyclohexane 


0.04 


48.1 


1.92 


Total 






48.1 
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Example 2 - Chemical Mixture in a Horizontal Tank - Assuming that the tank mentioned in 
Example 1 is now horizontal, calculate emissions. (Tank diameter is 6 ft and length is 12 ft.) 



Solution : 

Emissions fi'om horizontal tanks can be calculated by adjusting parameters in the fixed roof equations. 
Specifically, an effective diameter, Dg, is used in place of the tank diameter, D. The vapor space 
height, HyQ, is assumed to be half the actual tank diameter. 

1 . Horizontal tank adjustments . Make adjustments to horizontal tank values so that fixed roof tank 
equations can be used. The effective diameter, D^, is calculated as follows: 



D. = 



DL 



^ ^ 0.785 



= 9.577 ft 

0.785 



The vapor space height, HyQ is calculated as follows: 

Hyo = 1/2 D = 1/2 (6) = 3 ft 
2. Given the above adjustments the standing storage loss. Lg. can be calculated . 
Calculate values for each effected variable in the standing loss equation. 
Lg = 365 VyWyKEKg 
Vy and Kg depend on the effective tank diameter, Dg, and vapor space height, HyQ. 
These variables can be calculated using the values derived in Step 1: 
Vv=^(De)'Hvo 

Vy = (9.577)2 ^ 216.10 ft^ 

K 1 

S 1 +(0.053) (PyA)(Hvo) 

_ J = Q gyy 

^ 1 + (0.053) (0.880) (3) 
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3. Calculate standing storage loss using the values calculated in Step 2 . 

Lg = 365 VvWvKgKs 

Vy = 216.10 ft^ (from Step 2) 

Wy = 1.26 X 10-2 Ib/ft^ (from Step 4b, example 1) 

= 0.077 (from Step 4c, example 1) 
Kg = 0.877 (from Step 2) 
Lg = (365)(1.26 X 10-2)(216.10)(0.077)(0.877) 
Lg = 67.1 Ib/yr 

4. Calculate working loss . Since the parameters for working loss do not depend on diameter or vapor 
space height, the working loss for a horizontal tank of the same capacity as the tank in Example 1 will 
be the same. 

= 13.9 Ib/yr 

5. Calculate total emissions. 

Lp = 67.1 H- 13.9 = 81 Ib/yr 
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Example 3 - Chemical Mixture in an External Floating Roof Tank - Determine the yearly emission 
rate of a mixture that is 75 percent benzene, 15 percent toluene, and 10 percent cyclohexane, by 
weight, from a 100,000-gallon external floating roof tank with a pontoon roof The tank is 20 feet in 
diameter. The tank has 10 turnovers per year. The tank has a mechanical shoe seal (primary seal) and 
a shoe-mounted secondary seal. The tank is made of welded steel and has a light rust covering the 
inside surface of the shell. The tank shell is painted white, and the tank is located in Newark, New 
Jersey. The floating deck is equipped with the following fittings: (1) an ungasketed access hatch with 
an unbolted cover, (2) an unspecified number of ungasketed vacuum breakers with weighted 
mechanical actuation, and (3) ungasketed gauge hatch/sample ports with weighted mechanical 
actuation. 

Solution : 

1 . Determine tank type . The tank is an external floating roof storage tank. 

2. Determine estimating methodology . The product consists of three organic liquids, all of which are 
miscible in each other, which make a homogenous mixture if the material is well mixed. The tank . 
emission rate will be based upon the properties of the mixture. Because the components have similar 
structures and molecular weights, Raoult's Law is assumed to apply to the mixture. 

3. Select equations to be used . For an external floating roof tank, 



~ ^wp + Lr + Lp + Lj) 


(2-1) 


,WD = (0.943) QCWj /D 


(2-4) 


Lr= (KR3 + KRbV")P'DMvKc 


(2-2) 


Lp = FpP'MyKc 


(2-5) 


Ld= KdSdD2p*MvKc 


(2-9) 



where: 

Lj = total loss, Ib/yr 
'--WD ~ withdrawal loss, Ib/yr 
Lp^ = rim seal loss from external floating roof tanks, Ib/yr 
Lp = deck fitting loss, Ib/yr 

Lj) = deck seam loss, Ib/yr = 0 for external floating roof tanks 
Q = product average throughput, bbl/yr 

C = product withdrawal shell clingage factor, bbl/1,000 see Table 7.1-10 
W, = density of liquid, lb/gal 
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D = tank diameter, ft 
^Ra ~ ^^^^ ^^^^ speed rim seal loss factor, Ib-mole/ft-yr; see Table 7.1.8 
^Rb ^ ^^"^ speed dependent rim seal loss factor, lb-mole/(mph)^ft'yr; see Table 7.1-8 

V = average ambient wind speed for the tank site, mph 

n = seal wind speed exponent, dimensionless 
P* = the vapor pressure function, dimensionless 

= (Pva/PaMI + [1-(Pva/Pa)]°-^)^ 

where: 

Py^= the true vapor pressure of the materials stored, psia 
Py^ - atmospheric pressure, psia = 14.7 
My = molecular weight of product vapor, Ib/lb-mole 
Kq = product factor, dimensionless - 
Fp = the total deck fitting loss factor, Ib-mole/yr 

= S (Nf.Kf) = [(Nf Kp^) + (Np^Kp^) + ... + Np Kp )] 

i=l 

where: 

Np, = number of fittings of a particular type, dimensionless. Np. is determined for the 

* specific tank or estimated firom Tables 7.1-12, 7.1-13, or '/.1-14 

Kp. = deck fitting loss factor for a particular type of fitting, Ib-mole/yr. Kp. is determined 

* for each fitting type from Equation 2-7 and the loss factors in Table '^.1-12 

n^ = number of different types of fittings, dimensionless; n^ = 3 (given) 

Kq = deck seam loss per unit seam length factor, Ib-mole/ft/yr 

Sj;) = deck seam length factor, ft/ft^ 

4. Identify parameters to be calculated/determined from tables . In this example, the following 
parameters are not specified: W^, Fp, C, K^^^, Kj^^, v, n, Py^, P*, My, and K^. The following values 
are obtained from tables or assxmiptions: 
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Kq= 1.0 for volatile organic liquids (given in Section 7.1.3.2) 
C - 0.0015 bbl/1,000 ft^ for tanks with light rust (from Table 7.1-10) 
1.6 (from Table 7.1-8) 

^^Rb " ^^^^ Table 7.1-8) 
n= 1.6 (from Table 7.1-8) 

Since the wind speed for the actual tank site is not specified, the wind speed for Newark, New 
Jersey is used: 

v= 10.2 mph (see Table 7.1-9) 
^F' ^VA' ^^^'^ "^^^ calculated. 

Fp is estimated by calculating the individual Kp. and Np. for each of the three types of deck 
fittings used in this example. For the ungasketed access hatches* with unbolted covers, the Kp value 
can be calculated using information from Table 7.1-12. For this fitting, Kp^ = 36, Kp^^ = 5.9, and 
m = 1.2. The value for Ky for external floating roof tanks is 0.7 (see Section 7.1.3, Equation 2-7). 
There is normally one access hatch. So, 

^Faccess hatch " ^p^ + *^Fb(^^)'" 

= 36 + 5.9[(0.7)(10.2)]^-2 

Kp3,,,33h,tch= 98.4 Ib-mole/yr 

■^Faccess hatch ~ ^ 

The number of vacuum breakers can be taken from Table 7.1-13. For a tank with a diameter 
of 20 feet and a pontoon roof, the typical number of vacuum breakers is one. Table 7.1-12 provides 
fitting factors for weighted mechanical actuation, ungasketed vacuum breakers when the average wind 
speed is 10.2 mph. Based on this table, Kp^ = 7.8, Kp^ = 0.01, and m = 4. So, 

^vacuum breaker ^ ^Fa ^Fb 0^^)^ 
Kpvacuum breaker = 7.8 + 0.01 [(0.7)(10.2)f 
^Fvacuum breaker = 33.8 Ib-mole/yr 
^Fvacuum breaker ~ ^ 

For the ungasketed gauge hatch/sample ports with weighted mechanical actuation, Table 7.1-12 
indicates that floating roof tanks normally have only one. This table also indicates that Kp^ = 2.3, Kp^^ 
= 0, and m = 0. Therefore, 
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^Fgauge hatch/sample port ^Fa ^Fb (^^)" 

K =23+0 
^Fgauge hatch/sample port 

Kpgauge hatch/sample port = 2-3 Ib-mole/yr 

^Fgauge hatch/sample port " ^ 
Fp can be calculated from Equation 2-6: 

3 

Fp= S (Kp.)(Np.) 



= (98.4)(1)+(33.8)(1)+(2.3)(1) 



= 134.5 Ib-mole/yr 



5. Calculate mole fractions in the liquid . The mole fractions of components in the liquid must be 
calculated in order to estimate the vapor pressure of the liquid using Raoult's Law. For this example, 
the weight fractions (given as 75 percent benzene, 15 percent toluene, and 10 percent cyclohexane) of 
the mixture must be converted to mole fractions. First, assume that there are 1,000 lb of liquid 
mixture. Using this assumption, the mole fractions calculated will be valid no matter how many 
pounds of liquid actually are present. The corresponding amount (poimds) of each component is equal 
to the product of the weight fraction and the assumed total pounds of mixture of 1 ,000. The number 
of moles of each component is calculated by dividing the weight of each component by the molecular 
weight of the component. The mole fraction of each component is equal to the number of moles of 
each component divided by the total number of moles. For this example the following values are 
calculated: 



Component 


Weight 
fraction 


Weight, lb 


Molecular 
weight, Mj, 
Ib/lb-mole 


Moles 


Mole 
fraction 


Benzene 


0.75 


750 


78.1 


9.603 


0.773 


Toluene 


0.15 


150 


92.1 


1.629 


0.131 


Cyclohexane 


0.10 


100 


84.2 


1.188 


0.096 


Total 


1.00 


1,000 




12.420 


1.000 



For example, the mole fraction of benzene in the liquid is 9.603/12.420 = 0.773. 



6. Determine the daily average liquid surface temperature . The daily average liquid surface 
temperature is equal to: 

Tr . = 0.44 Taa + 0.56 To + 0.0079 a I 
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Taa = (Tax + W/2 

TB=TAA + 6a-l 
For Newark, New Jersey (see Table 7.1-7): 
T^X = 62.5°F = 522.2<'R 
T^N = 45.9°F = 505.6°R 

I = 1,165 Btu/ft2-d 
From Table 7. 1 -6, a = 0. 1 7 
Therefore; 

T^A = (522.2 + 505.6)/2 = 513.9''R 

Tg = 513.9°R + 6 (0.17) - 1 = 513.92°R 

Tla = 0.44 (513.9) + 0.56 (513.92) + 0.0079 (d.l7)(l,165) 

= 515.5°R = 55.8'»F = 56°F • > ■ - 

7. Calculate partial pressures and total vapor pressure of the liquid . The vapor pressure of each 
component at 56°F can be determined using Antoine's equation. Since Raoult's Law is assumed to 
apply in this example, the partial pressure of each component is the liquid mole fraction (xj) times the 
vapor pressure of the component (P). 



Component 


P at 56°F 


Xj 


p 

' partial 


Benzene 


1.04 


0.773 


0.80 


Toluene 


0.29 


0.131 


0.038 


Cyclohexane 


1.08 


0.096 


0.104 


Totals 




1.00 


0.942 



The total vapor pressure of the mixture is estimated to be 0.942 psia. 

8. Calculate mole fractions in the vapor . The mole fractions of the components in the vapor phase 
are based upon the partial pressure that each component exerts (calculated in Step 7). 



So for benzene: 
ybenzene = Pparti Atal = 0.80/0.942 = 0.85 

where: 

ybenzene ~ "'"le fraction of benzene in the vapor 
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^partial ~ partial pressure of benzene in the vapor, psia 
^total ~ vapor pressure of the mixture, psia 

Similarly, 

ytoluene = 0.038/0.942 = 0.040 

ycyclohexane= 0104/0.942 = 0.110 

The vapor phase mole fractions simi to 1.0. 

9. Calculate molecular weight of the vapor . The molecular weight of the vapor depends upon the 
mole fractions of the components in the vapor. 



My = XMjyj 



where: 



M: = 



yi 



molecular weight of the vapor, Ib/lb-mole 

molecular weight of component i, Ib/lb-mole 

mole fraction of component i in the vapor, Ib-mole/lb-mole 



Component 




Yi 


Mv = KMiXy,.) 


Benzene 


78.1 


0.85 


66.39 


Toluene 


92.1 


0.040 


3.68 


Cyclohexane 


84.2 


0.110 


9.26 


Total 




1.00 


79.3 



The molecular weight of the vapor is 79.3 Ib/lb-mole. 

10. Calculate weight fractions of the vapor . The weight fractions of the vapor are needed to calculate 
the amount (in pounds) of each component emitted from the tank. The weight fractions are related to 
the mole fractions calculated in Step 7 and total molecular weight calculated in Step 9: 
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= = 0.84 for benzene 

79.3 




(0.040)(92.1) 
793 



= 0.04 for toluene 




(0.110)(84.2) 
793 



= 0.12 for cyclohexane 



11. Calculate total VOC emitted from the tank , the total VOC emitted from the tank is calculated 
using the equations identified in Step 3 and the parameters calculated in Steps 4 through 9. 



a. Calculate withdrawal losses: 

LwD = 0-943 QCWl/D 
where: 

Q = 100,000 gal X 10 tumovers/yr (given) 

= 1,000,000 gal X 2.381 bbl/100 gal = 23,810 bbl/yr 

C = 0.0015 bbl/lO^ ft2 (from Table 7.1-10) 

Wl = 1/[Z (wt fraction in liquid)/(liquid component density from Table 7.1-3)] 

Weight fractions 

Benzene = 0.75 (given) 
Toluene = 0.15 (given) 
Cyclohexane = 0.10 (given) 

Liquid densities 

Benzene = 7.4 (see Table 7.1-3) 
Toluene = 7.3 (see Table 7.1-3) 



Cyclohexane = 6.5 (see Table 7.1-3) 



Wl = l/[(0.75/7.4) + (0.15/7.3) + (0.10/6,5)] 



= 1/(0.101 + 0.0205 + 0.0154) 



= 1/0.1369 
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= 7.3 lb/gal 
D = 20 ft (given) 
LwD = 0-943 QCWl/D 

= [0.943(23,8 10)(0.0015)(7.3)/20] 

= 12 lb of VOC/yr from withdrawal losses 

b. Calculate rim seal losses: 

LR=(KRa + KRbv")DP*MvKc 

where: 

Kr^- 1.6 (from Step 4) 

V = 10.2 mph (from Step 4) 
n = 1.6 (from Step 4) 
= 1 (from Step 4) 
PvA " ^'^^^ P^^^ (^^^ ^*^P ^) (formula from Step 3) 
D = 20 ft 

P* = (PvA/PAXd + [1-(Pva/Pa)]^-^)^ 

= (0.942/14.7)/(l+[l-(0.942/14.7)]^V = 0-017 
My = 79.3 Ib/lb-mole (from Step 9) 
Lr = [(1.6 + (0.3)(10.2)^-^)](0.017)(20)(79.3)(1.0) 
= 376 lb of VOC/yr from rim seal losses 

c. Calculate deck fitting losses: 

Lp = FfP^MyKc 

where: 

Fp = 134.5 Ib-mole/yr (from Step 4) 
P* = 0.017 
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My = 79.3 Ib/lb-mole 

Kq= 1.0 (from Step 4) 

Lp= (134.5)(0.017)(79.3)(1.0) 

= 181 Ib/yr of VOC emitted from deck fitting losses 
d. Calculate total losses: 

L J = + Lj^ + Lp 
= 12 + 376 + 181 

= 569 Ib/yr of VOC emitted from tank 

12. Calculate amount of each component emitted from the tank . For an external floating roof tank, 
the individual component losses are determined by Equation 4-2: 

Lxi = i^yXW + Lp) + (Zl.)(Lwd) 

Therefore, 

I^Tbenzene= (0.84)(557) + (0.75)( 12) = 477 Ib/yr benzene 
LTtoluene= (0.040)(557) + (0.1 5)( 12) = 24 Ib/yr toluene 
Wlohexane = (0.12)(557) + (0.10)(12) = 68 Ib/yr cyclohexane 
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Example 4 - Gasoline in an Internal Floating Roof Tank - Determine emissions of product from a 
1 million gallon, internal floating roof tank containing gasoline (RVP 13). The tank is painted white 
and is located in Tulsa, Oklahoma. The annual number of turnovers for the tank is 50. The tank is 
70 ft in diameter and 35 ft high and is equipped with a liquid-mounted primary seal plus a secondary 
seal. The tank has a column-supported fixed roof The tank's deck is welded and equipped with the 
following: (1) two access hatches with unbolted, ungasketed covers; (2) an automatic gauge float well 
with an unbolted, ungasketed cover; (3) a pipe column well with a flexible fabric sleeve seal; (4) a 
sliding cover, gasketed ladder well; (5) adjustable deck legs; (6) a slotted sample pipe well with a 
gasketed sliding cover; and (7) a weighted, gasketed vacuum breaker. 



1 . Determine tank type . The following information must be known about the tank in order to use the 
floating roof equations: 

— the number of colunms 

— the effective column diameter 

~ the rim seal description (vapor- or liquid-mounted, primary or secondary seal) 
~ the deck fitting types and the deck seam length 

Some of this information depends on specific construction details, which may not be known. . 
In these instances, approximate values are provided for use. 

2. Determine estimating methodology . Gasoline consists of many organic compounds, all of which ; 
are miscible in each other, which form a homogenous mixture. The tank emission rate will be based 
on the properties of RVP 13 gasoline. Since vapor pressure data have already been compiled, Raoult's 
Law will not be used. The molecular weight of gasoline also will be taken from a table and will not 
be calculated. Weight flections of components will be assxmied to be available from SPECIATE data 
base. 

3. Select equations to be used . 



Solution: 



D 



(2-1) 



Li 



(0.943) QCWl 




)] 



(2-4) 



'WD ~ 



D 



D 



Lr= (KRa + V)DP*MvKc 
Lp= FpP*MyKc 



(2-5) 



(2-2) 



KdS^D^P^MyKc 



(2-9) 



where: 



Lj = total loss, Ib/yr 

^WD ~ withdrawal loss, Ib/yr 

L|^ = rim seal loss, Ib/yr 

Lp = deck fitting loss, Ib/yr 
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Lj^ = deck seam loss, Ib/yr 

Q = product average throughput (tank capacity [bbl] times turnovers per year), 
bbl/yr 

C = product withdrawal shell clingage factor, bbl/1,000 ft^ 

Wl = density of liquid, Ib/gal 

D == tank diameter, ft 

= number of colimins, dimensionless 

Fq = effective column diameter, ft 

^Ra ^ ^^^^ "wind speed rim seal loss factor, Ib-mole/ft^r 

^Rb ^^^^ speed dependent rim seal loss factor, lb-mole/(mph)"ftyr 

V = average ambient site wind speed (zero for internal floating roof tanks), mph 

My = the average molecular weight of the product vapor, Ib/lb-mole 

Kq = the product factor, dimensionless 

P* = the vapor pressure function, dimensionless 

= (Pva/PaV[1 + (1-([Pva/Pa]))"-^)]^ 

and 

Py^ = the vapor pressure of the material stored, psia 
P^ = average atmospheric pressure at tank location, psia 
Fp = the total deck fitting loss factor, Ib-mole/yr 



nf 




and: 

Np. = number of fittings of a particular type, dimensionless. Np. is determined 
' for the specific tank or estimated from Table 7.1-12 * 

Kp. = deck fitting loss factor for a particular type of deck fitting, Ib-mole/yr. 
' Kp.is determined for each fitting type using Table 7.1-12 

n^ = number of different types of fittings, dimensionless 

Kjy = the deck seam loss factor, Ib-mole/ft-yr 

= 0.14 for nonwelded decks 

= 0 for welded decks 
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Sq = deck seam length factor, ft/ft^ 
^ ^seam^^deck 

and: 

'"seam ~ length of deck seams, ft 

A^Q^^ = area of deck, ft^ = 

4. Identify parameters to be calculated or determined from tables . In this example, the following 
parameters are not specified: N^, F^, P, My, Kj^^, K^y^, v, P , K^, Fp, Kj^, and Sj). The density of 
the liquid (W^) and the vapor pressure of the liquid (P) can be read from tables and do not need to be 
calculated. Also, the weight fractions of components in the vapor can be obtained from speciation 
manuals. Therefore, several steps required in preceding examples will not be required in this example. 
In each case, if a step is not required, the reason is presented. 

The following parameters can be obtained from tables or assumptions: 



Kc = 


1 .0 for volatile organic liquids 


Nc = 


1 (from Table 7.1-11) 


Fc = 


1.0 (assumed) 




0.3 (from Table 7.1-8) 




0.6 (from Table 7.1-8) 


V = 


0 for internal floating roof tanks 


Mv = 


62 Ib/lb-mole (from Table 7.1-2) 


Wl = 


5.6 lb/gal (from Table 7.1-2) 


c = 


0.0015 bbl/1,000 ft2 (from Table 7.1-10) 


Kd = 


0 for welded decks so Sp is not needed 


Ff = 


I (Kf.Nf.) 



5. Calculate mole fractions in the liquid . This step is not required because liquid mole fractions are 
only used to calculate liquid vapor pressure, which is given in this example. 

6. Calculate the daily average liquid surface temperature . The daily average liquid surface 
temperature is equal to: 

Tla = 0.44 T^A + 0.56 Tg + 0.0079 a I 
Taa- (Tax-^ W2 
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TB=TAA + 6a-l 

For Tulsa, Oklahoma (see Table 7.1-7): 

Tax= 71.3°F = 530.97°R 

T^N = ^^9.2°? = 508.87°R 

I = 1,373 Btu/ft2-d 
From Table 7.1-6, a = 0.17 

Therefore, 

Taa= (530.97 + 508.87)/2 = 5 19.92°R 

Tg = 519.92 + 6(0.17) - 1 = 519.94°R 

= 0.44 (519.92) + 0.56 (519.94) + 0.0079(0. 17)( 1,373) 

Tla= 228.76 + 291.17 + 1.84 

Tla= 521.77°Ror 62°F 

7. Calculate partial pressures and total vapor pressure of the liquid . The vapor pressure of gasoline 
RVP 13 can be interpolated from Table 7.1-2. The interpolated vapor pressure at 62°F is equal to 
7.18 psia. Therefore, ■ 

* ^VA^A 



P = 



[1 + (1 - [Pva/Pa])°-^]^ 



P* = (7.18/14.7)/[1 + (l-(7.18/14.7))°-^]2 
P* = 0.166 

8. Calculate mole fractions of components in the vapor . This step is not required because vapor mole 
fractions are needed to calculate the weight fractions and the molecular weight of the vapor, which are 
aheady specified. 

9. Calculate molecular weight of the vapor . This step is not required because the molecular weight of 
gasoline vapor is already specified. 

10. Calculate weight fractions of components of the vapor . The weight fractions of components in 
gasoline vapor can be obtained from a VOC speciation manual. 
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11. Calculate total VOC emitted from the tank . The total VOC emitted from the tank is calculated 
using the equations identified in Step 3 and the parameters specified in Step 4. 

Lj = + Lj^ + Lp + Lj) 

a. Calculate withdrawal losses: 

= [(0.943)QCWl]/D [1 + (NcFc)/D] 

where: 

Q = (1,000,000 gal)(50 tumovers/yr) 

= (50,000,000 gal)(2.381 bbl/100 gal) = 1,190,500 bbl/yr 

C = 0.0015 bbl/1,000 ft^ 
Wl = 5.6 lb/gal 

D = 70 ft 
Nc = 1 

Fc= 1 . 

= [(0.943)(1,190,500)(0.0015)(5.6)]/70[1 + (l)(l)/70] = 137 Ib/yr VOC for withdrawal 
losses 

b. Calculate rim seal losses: 

LR = (KR3 + KRbv")DP*MvKc 
Since v = 0 for IFRT's: 

Lr= Kr3DP*MvKc 

where: 

Kj^ = 0.3 Ib-mole/ftyr 

D = 70 ft 

P* = 0.166 

Mv = 62 Ib/lb-mole 

Kc= 1.0 

Lr = (0.3)(0.166)(70)(62)(1.0) = 216 Ib/yr VOC from rim seals 



9/97 



Liquid Storage Tanks 



7.1-99 



c. Calculate deck fitting losses: 

Lp = FpP*MyKc 

where: 

FF=I(Kp.Np.) 

Kp. = Kp^. for internal floating roof tanks since the wind speed is zero (see Equation 2-8). 
Substituting values for Kp^. taken from Tables 7.1-12 and 7.1-15 for access hatches, gauge float well, 
pipe column well, ladder well, deck legs, sample pipe well, and vacuimi breaker, respectively, yields: 

Fp = (36)(2) + (14)(1) + (10)(1) + (56)(1) + 7.9[5 + (70/10) + (70^/600)] + (43.1)(1) + 
(6.2)(1) 

= 361 Ib-mole/yr 

P* = 0.166 

My = 62 Ib/Ib-mole 

Kc= 1 

Lp = (361)(0.166)(62)(1.0) = 3,715 Ib/yr VOC from deck fittings 

d. Calculate deck seam losses: 

Since = 0 for IFRT's with welded decks, 
Lp = 0 Ib/yr VOC from deck seams 

e. Calculate total losses: 

W ^ ^WD L|^ + Lp + Lj) 

= 137 + 216 + 3,715 + 0 = 4,068 Ib/yr of VOC emitted from the tank 

12. Calculate amoimt of each component emitted from the tank . The individual component losses are 
equal to: 

Lj. = (Zv.)(Lr + Lp + L^) + (Zl.)(L^) 

Since the liquid weight fractions are unknown, the individual component losses are calculated based on 
the vapor weight fraction and the total losses. This procedure should yield approximately the same 
values as the above equation because withdrawal losses are typically low for floating roof tanks. The 
amount of each component emitted is the weight fraction of that component in the vapor (obtained 
from a VOC species data manual and shown below) times the total amount of VOC emitted from the 
tank. The table below shows the amount emitted for each component in this example. 
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Constituent 


Weight Percent In Vapor 


Emissions, Ib/yr 


Air toxics 






Benzene 


0.77 


31.3 


Toluene 


0.66 


26.8 


Ethylbenzene 


0.04 


1.6 


0-xylene 


0.05 


2.0 


Nontoxics 






Isomers of pentane 


26.78 


1,089 


iN-DUiane 






Iso-butane 


9.83 


400 


N-pentane 


8.56 


348 


Isomers of hexane 


4.78 


194 


3-methyI pentane 


2.34 


95.2 


Hexane 


1.84 


74.9 


Others 


21.40 


871 


Total 


100 


4,068 



Source: SPECIATE Data Base Management System, Emission Factor and Inventory Group, U. S. 
Environmental Protection Agency, Research Triangle Park, NC, 1993. 
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EMISSION FACTOR DOCUMENTATION FOR AP-42 SECTION 
Organic Liquid Storage Tanks 



1.0 INTRODUCTION 

The document Compilation of Air Pollutant Emission Factors (AP-42) has been published by the 
U. S. Environmental Protection Agency (EPA) since 1972. Supplements to AP-42 have been routinely 
published to add new emission source categories and to update existing emission factors. AP-42 is routinely 
updated by EPA to respond to new emission factor needs of EPA, State and local air pollution control 
programs, and industry. 

An emission factor is a representative value that attempts to relate the quantity of a pollutant released 
to the atmosphere with an activity associated with the release of that pollutant. The emission factors 
presented in AP-42 may be appropriate to use in a number of situations, such as making source-specific 
emission estimates for areawide inventories for dispersion modeling, developing control strategies, screening 
sources for compliance purposes, establishing operating permit fees, and making permit apphcability 
determinations. The purpose of this report is to provide background information to support revisions to 
AP-42 Section 7.1, Organic Liquid Storage Tanks. 

This background report consists of six chapters. Chapter 1 includes the introduction to the report. 
Chapter 2 gives basic descriptions of fixed roof tanks, floating roof tanks, variable vapor space tanks, and 
horizontal tanks. It also includes descriptions of the different types of rim seals and deck fittings on floating 
roof tanks. Chapter 3 presents the emission estimation procedures for each tank type, as well as the 
methodology for hazardous air pollutant (HAP) speciation. Chapter 4 provides an evaluation of the 
equations that predict standing storage and working losses fi-om fixed roof tanks. Chapter 5 provides an 
evaluation of the equations that predict standing storage and withdrawal losses fi-om floating roof tanks. 
Chapter 6 is a summary of changes to the section since the previous edition of AP-42 (February 1996). 
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2.0 STORAGE TANK DESCRIPTIONS 



2.1 INTRODUCTION 

This chapter presents basic descriptions of fixed-roof tanks (vertical and horizontal); internal, 
external, and domed external floating roof tanks; pressure tanks; and variable vapor space tanks. In 
addition, the chapter provides descriptions of perimeter seals and fittings for internal, external, and 
domed external floating roofs. 

2.2 TYPES OF STORAGE TANKS 

Seven types of vessels are used to store volatile organic liquids (VOL): 

1 . Fixed-roof tanks; 

2. Extemal floating roof tanks; 

3. Internal floating roof tanks; 

4. Domed extemal floating roof tanks; 

5. Horizontal tanks; 

6. Pressure tanks; and 

7. Variable vapor space tanks. 

The first four tank types are cylindrical in shape with the axis oriented perpendicular to the foundation. 
These tanks are almost exclusively above ground. Horizontal tanks .(i.e., with the axis parallel to the 
foundation) can be used above ground and below ground. Pressure tanks often are horizontally 
oriented and "bullet" or spherically shaped to maintain structural integrity at high pressures. They are 
located above ground. Variable vapor space tanks can be cylindrical or spherical in shape. The 
discussion below contains a detailed description of each of these tank types. 

2.2.1 Fixed-Roof Tanks 

Of currently used tank designs, the fixed-roof tank is the least expensive to construct and is 
generally considered the minimum acceptable equipment for storing VOL's. A typical fixed-roof tank, 
which is shown in Figure 2-1, consists of a cylindrical steel shell with a cone- or dome-shaped roof 
that is permanently affixed to the tank shell. Most recently built tanks are of all-welded construction 
and are designed to be both liquid- and vapor-tight. However, older tanks may be of riveted or bolted 
construction and may not be vapor-tight. A breather valve (pressure-vacuum valve), which is 
commonly installed on many fixed-roof tanks, allows the tank to operate at a slight internal pressure or 
vacuum. Breather vents are typically set at 0.19 kPa (0.75 in. w.c.) on atmospheric pressure fixed-roof 
tanks.* Because this valve prevents the release of vapors during only very small changes in 
temperature, barometric pressure, or liquid level, the emissions firom a fixed-roof tank can be 
appreciable. Additionally, gauge hatches/sample wells, float gauges, and roof manholes provide 
accessibility to these tanks and also serve as potential sources of volatile e missions. Breather vent s 
may-be called conservation ventsralthough hafdly any conservation of vapors occurs at such low 
pressure settings. Generally, the term conservation vent is used to describe a pressure setting of 
17 kPa (67 in. w.c.) or less. Vents with settings greater than 17 kPa (67 in. w.c.) are commonly called 
'pressure' vents. 
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2.2.2 External Floating Roof Tanks ^ 



A typical external floating roof tank consists of an open-topped cylindrical steel shell equipped 
with a roof that floats on the surface of the stored liquid, rising and falling with the liquid level. The 
floating roof is comprised of a deck, fittings, and rim seal system. Floating roof decks are constructed 
of welded steel plates and are of three general types: pan, pontoon, and double deck. Although 
numerous pan-type decks are currently in use, the present trend is toward pontoon and double-deck 
type type floating roofs. The two most common types of external floating-roof tanks are shown in 
Figures 2-2 and 2-3. Manufacturers supply various versions of these basic types of floating decks, 
which are tailored to emphasize particular features, such as full liquid contact, load-carrying capacity, 
roof stability, or pontoon arrangement. The liquid surface is covered by the floating deck, except in 
the small annular space between the deck and the shell; the deck may contact the liquid or float 
directly above the surface on pontoons. Extemal floating roof tanks are equipped with a rim seal 
system, which is attached to the roof perimeter and contacts the tank wall. The rim seal system slides 
against the tank wall as the roof is raised and lowered. The floating deck is also equipped with 
fittings that penetrate the deck and serve operational functions. The extemal floating roof design is 
such that evaporative losses from the stored liquid are limited to losses from the rim seal system and 
deck fittings (standing storage loss) and any exposed liquid on the tank walls (withdrawal loss). 

2.2.3 Internal Floating Roof Tanks^ 

An internal floating roof tank has both a permanent fixed roof and a floating roof inside. 
There are two basic types of internal floating roof tanks: tanks in' which the fixed roof is supported by 
vertical columns within the tank; and tanks with a self-supporting fixed roof and no internal support 
columns. The fixed roof is not necessarily free of openings but does span the entire open plan area of 
the vessel. Fixed roof tanks that have been retrofitted to employ an internal floating roof are typically 
of the first type, while extemal floating roof tanks that have beeaxonverted to an internal floating roof 
tank typically have a self-supporting roof Tanks initially constructed with both a fixed roof and an 
internal floating roof may be of either type. An internal floating roof tank has both a permanently 
affixed roof and a roof that floats inside the tank on the liquid surface (contact deck) or is supported 
on pontoons several inches above the liquid surface (noncontact deck). The internal floating roof rises 
and falls with the liquid level. A typical intemal floating roof tank is shown in Figure 2-4. 

Contact-type decks include (1) aluminum sandwich panels with a honeycombed aluminum core 
floating in contact with the liquid; (2) resin-coated, fiberglass-reinforced polyester (FRP), buoyant 
panels floating in contact with the liquid; and (3) pan-type steel roofs, floating in contact with the 
liquid with or without the aid of pontoons. The majority of contact intemal floating decks currently in 
VOL service are pan-type steel or aluminum sandwich panel type. The FRP decks are less common. 

Several variations of the pan-type contact steel roof exist. The design may include bulkheads 
or open compartments around the perimeter of the deck so that any liquid that may leak or spill onto 
the deck is contained. Alternatively, the bulkheads may be covered to form sea led compartments ( i.e., 
pontoons)rGr the entire pan-may be covered to form a sealedTTiouble^^ steel floating roof 
Generally, constmction is of welded steel. 

Noncontact-type decks are the most common type of deck currently in use, and typically 
consist of an aluminum deck laid on an aluminum grid framework supported above the liquid surface 
by tubular aluminum pontoons. The deck skin for the noncontact-type floatmg decks is typically 
constmcted of rolled aluminum sheets (about 1.5 meters [m] [4.9 feet (ft)] wide and 0.58 millimeter 
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[mm] [0.023 inches (in)] thick). The overlapping aluminum sheets are joined by bolted aluminum 
clamping bars that run perpendicular to the pontoons to improve tlie rigidity of the frame. The deck 
skin seams can be metal on metal or gasketed with a polymeric material. The pontoons and clamping 
bars form the structural frame of the floating deck. Deck seams in the noncontact internal floating 
roof design are a source of emissions. Aluminum sandwich panel contact-type internal floating roofs 
also share this design feature. The sandwich panels are joined with bolted mechanical fasteners that 
are similar in concept to the noncontact deck skin clamping bars. Steel pan contact internal floating 
roofs are constructed of welded steel sheets and therefore have no deck seams. Similarly, the 
resin-coated, reinforced fiberglass panel decks have no apparent deck seams. The panels are butted 
and lapped with resin-impregnated fiberglass fabric strips. The significance of deck seams with 
respect to emissions from internal floating roof tanks is addressed in Chapter 5. 

The internal floating roof physically occupies a finite volume of space that reduces the 
maximum liquid storage capacity of the tank. When the tank is completely ftill, the floating roof 
touches or nearly touches the fixed roof Consequently, the effective height of the tank decreases, thus 
limiting the storage capacity. The reduction in the effective height varies from about 0.15 to 0.6 m 
(0.5 to 2 ft), depending on the type and design of the . floating roof employed. 

All types of internal floating roofs, like extemal floating roofs, commonly incorporate rim 
seals that slide against the tank wall as the roof moves up and down. These seals are discussed in 
detail in Section 2.3.2. Circulation vents and an open vent at the top of the fixed roof are generally 
. provided to minimize the accumulation of hydrocarbon vapors in concentrations approaching the 
flammable range. 

Flame arresters are an option that can be used to protect the vessel from fire or explosion. 
When these are used, circulation vents are not provided. Tank venting occurs through a 
pressure-vacuiun vent and flame arrestor. 

2.2.4 Domed Extemal Floating Roof Tanks^ 

Domed extemal floating roof tanks have the heavier type of deck used in extemal floating roof 
tanks as well as a fixed roof at the top of the shell like internal floating roof tanks. Domed extemal 
floating roof tanks usually result from retrofitting an extemal floating roof tank with a fixed roof A 
typical domed extemal floating roof tank is shown in Figure 2-5. 

As with the internal floating roof tanks, the ftmction of the fixed roof is not to act as a vapor 
barrier, but to block the wind. The type of fixed roof most conmionly used is a self supporting 
aluminum dome roof, which is of bolted construction. Like the intemal floating roof tanks, these 
tanks are freely vented by circulation vents at the top of the fixed roof The deck fittings and rim 
seals, however, are basically identical to those on extemal floating roof tanks. 

2.2.5 Horizontal Tanks 



Horizontal tanks are constmcted for both above-ground and underground service. Figures 2-6 
and 2-7 present schematics of typical underground and above-ground horizontal tanks. Horizontal 
tanks are usually constructed of steel, steel with a fiberglass overlay, or fiberglass-reinforced polyester. 
Horizontal tanks are generally small storage tanks with capacities of less than 75,710 L 
(20,000 gallons). Horizontal tanks are constructed such that the length of the tank is not greater than 
six times the diameter to ensure stmctural integrity. Horizontal tanks are usually equipped with 
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pressure-vacuum vents, gauge hatches and sample wells, and manholes to provide accessibility to these 
tanks. In addition, underground tanks may be cathodically protected to prevent corrosion of the tank 
shell. Cathodic protection is accomplished by placing sacrificial anodes in the tank that are connected 
to an impressed current system or by using galvanic anodes in the tank. Hov^ever, internal cathodic 
protection is no longer widely used in the petroleum industry, due to corrosion inhibitors that are now 
foimd in most refined petroleum products. 

The potential emission sources for above-ground horizontal tanks are the same as those for 
fixed-roof tanks. Emissions from underground storage tanks are mainly associated with changes in the 
liquid level in the tank. Losses due to changes in temperature or barometric pressure are minimal for 
undergroimd tanks because the surrounding earth limits the diumal temperature change and changes in 
the barometric pressure would result in only small losses. 

2.2.6 Pressure Tanks 

Two classes of pressure tanks are in general use: low pressure (2.5 to 15 psig) and high 
pressure (higher than 15 psig). Pressure tanks generally are used for storing organic liquids and gases 
with high vapor pressures and are found in many sizes and shapes, depending on the operating 
pressure of the tank. Pressure tanks are equipped with a pressure/vacuum vent that is set to prevent 
venting loss from boiling and breathing loss from daily temperature or barometric pressure changes. 

2.2.7 Variable Vapor Space Tanks^ . , 

Variable vapor space tanks are equipped with expandable vapor reservoirs to accommodate 
vapor volume fluctuations attributable to temperature and barometric pressure changes. Although . 
variable vapor space tanks are sometimes used independently, they are normally connected to the ' 
vapor spaces of one or more fixed roof tanks. The two most common types of variable vapor space 
tanks are lifter roof tanks and flexible diaphragm tanks. 

Lifter roof tanks have a telescoping roof that fits loosely around the outside of the main tank 
wall. The space between the roof and the wall is closed by either a wet seal, which is a trough filled 
with liquid, or a dry seal, which uses a flexible coated fabric. 

Flexible diaphragm tanks use flexible membranes to provide expandable volume. They may 
be either separate gasholder imits or integral units mounted atop fixed roof tanks. 

Variable vapor space tank losses occur during tank filling when vapor is displaced by liquid. 
Loss of vapor occurs only when the tank's vapor storage capacity is exceeded. 

2.3 TYPES OF FLOATING ROOF PERIMETER SEALS 

2.3.1 External and Domed External Floating Roof Rim Seals^ '^^^ 



Regardless of tank design, a floating roof requires a device to seal the gap between the tank 
wall and the deck perimeter. A rim seal, or in the case of a two-seal system, the lower (primary) rim 
seal, can be made from various materials suitable for organic liquid service. The basic designs 
available for external floating roof rim seals are (1) mechanical (metallic) shoe seals, (2) liquid-filled 
seals, and (3) (vapor- or liquid-mounted) resilient foam-filled seals. Figures 2-8 and 2-9 depict these 
three general types of seals. 
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One major difference in seal system design is the way in which the seal is mounted with 
respect to the liquid surface. Figure 2-8 shows a vapor space between the liquid surface and rim seal, 
whereas in Figure 2-9, the seals rest on the liquid surface. These liquid-filled and resilient foam-filled 
seals are classified as liquid- or vapor-moimted rim seals, depending on their location. Mechanical 
shoe rim seals are different in design from liquid-filled or resilient foam-filled rim seals and cannot be 
characterized as liquid- or vapor-mounted. However, because the shoe and envelope combination 
precludes contact between the annular vapor space above the liquid and the atmosphere (see 
Figure 2-9), the emission rate of a mechanical shoe seal is closer to that of a liquid-mounted rim seal 
than that of a vapor-mounted rim seal. 

2.3.1.1 Mechanical Shoe Seal . A mechanical shoe seal, also known as a "metallic shoe seal" 
(Figure 2-9), is characterized by a metallic sheet (the "shoe") that is held against the vertical tank wall. 
Prior to 40 CFR 60 Subpart Ka, the regulations did not specify a height for mechanical shoe seals; 
however, shoe heights typically range from 75 to 130 centimeters (cm) (30 to 51 in.). The shoe is 
connected by braces to the floating deck and is held tightly against the wall by springs or weighted 
levers. A flexible coated fabric (the "envelope") is suspended from the shoe seal to the floating deck 
to form a vapor barrier over the annular space between the deck and the primary seal. 

2.3.1.2 Liquid-Filled Seal . A liquid-filled rim seal (Figure 2-9) may consist of a tough fabric 
band or envelope filled with a liquid, or it may consist of a flexible polymeric tube 20 to 25. cm (8 to . 
10 in.) in diameter filled with a liquid and sheathed with a tough fabric scuff band. The liquid is 
commonly a petroleum distillate or other liquid that will not contaminate the stored product if the tube 
ruptures. Liquid-filled rim seals are mounted on the liquid product surface with no vapor space :below. 

^ the seal. ; ■ v;, ev^ :- 

• 2.3.1.3 Resilient Foam-Filled Seal . A resilient foam-filled rim seal is similar to a liquid-filled 
. seal except that a resihent foam log is used in place of the liquid. The resiliency of the- foam log 
permits the seal to adapt itself to minor imperfections in tank dimensions and in the tank shell. The 
foam log may be mounted above the liquid surface (vapor-mounted) or on the liquid surface 
(liquid-mounted). Typical vapor-mounted and liquid-mounted seals are presented in Figures 2-8 and 
2-9, respectively. 

2.3.1.4 Secondary Seals on External Floating Roofs . A secondary seal on an external floating 
roof consists of a continuous seal moimted on the rim of the floating roof and extending to the tank 
wall, covering the entire primary seal. Secondary seals are normally constructed of flexible polymeric 
materials. Figure 2-10 depicts several primary and secondary seal systems. An alternative secondary 
seal design incorporates a steel leaf to bridge the gap between the roof and the tank wall. The leaf 
acts as a compression plate to hold a polymeric wiper against the tank wall. 

A rim-mounted secondary seal installed over a primary seal provides a barrier for volatile 
organic compound (VOC) emissions that escape from the small vapor space between the primary seal 
and the wall and through any openings or tears in the seal envelope of a metallic shoe seal ^ 
(Figure 2-10). Although not shown in Figure 2-10, a secondary seal can be used in conjunction with a 
weather shield as described in the following section. 

Another type of secondary seal is a shoe-movmted secondary seal. A shoe-mounted seal 
extends from the top of the shoe to the tank wall (Figure 2-10). These seals do not provide protection 
against VOC leakage through the envelope. Holes, gaps, tears, or other defects in the envelope can 
permit direct exchange between the satxirated vapor under the envelope and the atmosphere. Wind can 
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enter this space through envelope defects, flow around the circumference of the tank, and exit 
saturated or nearly saturated with VOC vapors. 

2.3.1.5 Weather Shield . A weather shield (see Figure 2-9) may be installed over the primary 
seal to protect it from deterioration caused by debris and exposure to the elements. Though the 
NSPS's 40 CFR 60 Subparts Ka and Kb do not accept the installation of a weather shield as 
equivalent to a secondary seal, there are a large number of existing tanks not affected by the NSPS 
that have this configuration. Typically, a weather shield is an arrangement of overlapping thin metal 
sheets pivoted from the floating roof to ride against the tank wall. The weather shield, by the nature 
of its design, is not an effective vapor barrier. For this reason, it differs from the secondary seal. 
Although the two devices are conceptually similar in design, they are designed for and serve different 
purposes. 

2.3.2 Internal Floating Roof Rim Seals^ '^ 

Internal floating roofs typically incorporate one of two types of flexible, product-resistant rim 
seals: resilient foam-filled seals or wiper seals. Similar to those employed on extemal floating roofs, 
each of these seals closes the annular vapor space between the edge of the floating deck and the tank 
shell to reduce evaporative losses. They are designed to compensate for small irregularities in the tank 
shell and allow the roof to freely move up and down in the tank without binding. 

2.3.2.1 Resilient Foam-Filled Seal . A resilient foam-filled seal used on an internal floating 
roof is similar in design to that described in Section 2.3.1.3 for extemal floating roofs. Resilient ; ^ •. 
foam-filled seals are shown in Figures 2-8 and 2-9. These seals can be mounted either in contact with 
the liquid surface (liquid-mounted) or several centimeters above the liquid surface (yapor-mourited): 

Resilient foam-filled seals work because of the expansion and contraction of a resilient 
material to maintain contact with the tank shell while accommodating varying annular rim space 
widths. These seals consist of a core of open-cell foam encapsulated in a coated fabric. The elasticity 
of the foam core pushes the fabric into contact with the tank shell. The seals are attached to a 
mounting on the deck perimeter and are continuous around the roof circumference. Polyurethane- 
coated nylon fabric and poljoirethane foam are commonly used materials. For emission control, it is 
important that the mounting and radial seal joints be vapor-tight and that the seal be in substantial 
contact with the tank shell. 

2.3.2.2 Wiper Seals . Wiper seals are commonly used as primary rim seals for internal 
floating roof tanks. This type of seal is depicted in Figure 2-8. 

Wiper seals generally consist of a continuous annular blade of flexible material fastened to a 
mounting bracket on the deck perimeter that spans the annular rim space and contacts the tank shell. 
The mounting is such that the blade is flexed, and its elasticity provides a sealing pressure against the 
tank shell. Such seals are vapor-mounted; a vapor space exists between the liquid stock and the 
bottom of the seal. For emission control, it is important that the mounting be vapor-tight, that the seal 
extend around the circumference of the roof, and that the blade be in substantial contact with the tank shell. 

Three types of materials are conmionly used to make the wipers. One type consists of a 
cellular, elastomeric material tapered in cross section with the thicker portion at the mounting. Rubber 
is a commonly used material. All radial joints in the blade are joined. 
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A second type of wiper seal construction uses a foam core wrapped with a coated fabric. 
Polyurethane on nylon fabric and polyurethane foam are common materials. The core provides the 
flexibility and support, while the fabric provides the vapor barrier and wear surface. 

A third type of wiper seal consists of overlapping segments of seal material (shingle-type seal). 
Shingle-type seals differ from the wiper seals discussed previously in that they do not provide a 
continuous vapor barrier. 

2.3.2.3 Secondary Seals for Internal Floating Roof Tanks . Secondary seals may be used to 
provide some additional evaporative loss control over that achieved by the primary seal. The 
secondary seal is mounted to an extended vertical rim plate, above the primary seal, as shovm in 
Figure 2-10. Secondary seals can be either a resilient foam-filled seal or an elastomeric wiper seal, as 
described in Sections 2.3.2.1 and 2.3.2.2, respectively. For a given roof design, using a secondary seal 
further limits the operating capacity of a tank due to the need to maintain contact with the tank shell 
or keep the seal from interfering with IFRT fixed-roof rafters when the tank is filled. Secondary seals 
are not commonly used on internal floating roof tanks that are not affected by the NSPS 
(40 CFR 60 Subpart Kb). 

2.4 TYPES OF FLOATING ROOF DECK FITTINGS 

2.4.1 External and Domed External Floating Roof Deck Fittings^ '^'^ 

: Nixmerous fittings penetrate or are attached to an external floating roof deck. These fittings • - 
accommodate -Structural support components or allow for operational functions. These fittings can be a: 
source of emissions in that tliey must penetrate the deck. Other accessories are used that do not 
penetrate the deck and are not, therefore, sources of evaporative loss. The most common fittings 
relevant to controlling vapor losses are described in the following sections. 

2.4.1.1 Access Hatches . An access hatch consists of an opening in the deck with a peripheral 
vertical well attached to the deck and a removable cover to close the opening as shown in Figure 2-11. 
An access hatch is typically sized to allow workers and materials to pass through the deck for 
construction or servicing. The cover can rest directly on the well, or a gasketed connection can be 
used to reduce evaporative loss. Bolting the cover to the well reduces losses fiuther. 

2.4.1.2 Gauge Float Wells . Gauge floats are used to indicate the level of stock within the 
tank. These usually consist of a float residing within a well that passes through the floating deck, as 
shown in Figure 2-11. The float is connected to an indicator on the exterior of the tank via a tape 
passing through a guide system. The float rests on the stock surface within the well, which is 
enclosed by a sliding cover. Evaporation loss can be reduced by gasketing and/or bolting the 
connection between the cover and the rim of the well. The cable passes through a bushing located at 
the center of the cover. As with similar deck penetrations, the well extends into the liquid stock on 
noncontact floating decks. 

2.4.1.3 Gauge Hatch/Sample Ports . Gauge hatch/sample ports provide access for hand- 
gauging the level of stock in the tank and for taking samples of the tank contents. A gauge 
hatch/sample port consists of a pipe sleeve through the deck and a self-closing gasketed cover, as 
shown in Figure 2-11. Gauge hatch/sample ports are usually located under the ganger's platform. 
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which is mounted on the top of the tank shell. The cover may have a cord attached so that it can be 
opened from the gauger's platform. A gasketed cover reduces evaporative losses. 

2.4.1.4 Rim Vents . Rim vents are found on tanks equipped with a rim seal system that 
creates a vapor pocket, such as a mechanical shoe seal or double wiper seal system. The rim vent is 
connected to the rim vapor space by a pipe and releases any excess pressure or vacuum that is present 
(Figure 2-12). The rim vapor space is bounded by the floating deck rim, the primary-seal shoe, the 
liquid surface, and the primary-seal fabric. Rim vents usually consist of weighted pallets that rest on 
the gasketed surface. 

2.4.1.5 Deck Drains . Deck drains permit removal of rainwater from the surface of floating 
decks. Two types of floating roof drainage systems are currently used: closed and open. Closed 
drainage systems carry rainwater from the surface of the deck to the outside of the tank through a 
flexible or articulated piping system or through a flexible hose system located below the deck in the 
product space. Since product does not enter this closed drainage system, there is no associated 
evaporative loss. Open drainage systems, consisting of an open pipe that extends a short distance 
below the bottom of the deck, permit rainwater to drain from the surface of the deck into the product. 
Since these drainpipes are filled with product to the product level in the tank, evaporative loss occurs 
from the top of the open drainpipes. Two types of roof drains are commonly used in open drainage 
systems: flush drains and overflow drains. Flush drains (Figure 2-12) have a drain opening that is 
flush with the top surface of the double deck. They permit rainwater to drain into the product. 
Overflow drains (Figure 2-12) consist of a drain opening that is elevated above the top surface of the 
deck, thereby limiting the maximum amount of rainwater that can accumulate on the deck and 
providing emergency drainage of rainwater. They are normally used in conjunction with a closed 
drainage system. Some open deck diains are equipped with an insert to reduce the evaporative loss. 

2.4.1.6 Deck Legs . Deck legs prevent damage to fittings underneath the deck and allow for 
tank cleaning or repair by holding the deck at a predetermined distance from the tank bottom. These 
supports consist of adjustable or fixed legs attached to the floating deck as shown in Figure 2-12. For 
adjustable deck legs, the load-carrying element passes through a well or sleeve in the deck. 

2.4.1.7 Slotted and Unslotted Guide Poles and Wells . Antirotation devices are used to prevent 
floating roofs from rotating and potentially damaging roof equipment and rim seal systems. A 
commonly used antirotation device is a guide pole that is fixed at the top and bottom of the tank 
(Figure 2-13). The guide pole passes through a well in the deck. Rollers attached to the top of the 
well ride on the outside surface of the guide pole to prevent the floating roof from rotating. The guide 
pole well has a sliding cover to accommodate limited radial movement of the roof. The sliding cover 
can be equipped with a gasket between the guide pole and the cover to reduce evaporative loss. The 
guide pole well can also be equipped with a gasket between the sliding cover and the top of the well 
to reduce evaporative loss. Openings at the top and bottom of the guide pole provide a means of 
hand-gauging the tank level and of taking bottom samples. In the slotted guide pole/sample well 
application, the well of the guide pole is constructed with a series of drilled holes or slots that allow 
the product to mix freely in the guide pole and thus have the same composition and liquid level as the 
product in the tank. Evaporative loss from the guidepole can be reduced by modifying the guidepole 
or well, or by placing a removable float inside the pole. Deck fitting factors for slotted guidepoles 
without pole sleeves were determined from test data on fittings where the float top or float wiper was 
positioned at or above the sliding cover elevation. Tests were not conducted with floats where the top 
of the float or wiper was below the sliding cover elevation ("short" floats); emissions from such a 
configuration are expected to be somewhere between those for guidepoles with and without floats. 
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depending upon the float height. When a pole sleeve is used, the evaporative loss will not be affected 
by the height of the float w^ithin the well, since the purpose of the pole sleeve is to restrict the flow of 
vapor from the vapor space below the deck into the slotted guidepole. 

2.4.1.8 Vacuum Breakers . The purpose of a vacuum breaker is to allow for the exchange of 
vapor and air through the floating roof during filling and emptying. Vacuum breakers are designed to 
be activated by changes in pressure or liquid level, or strictly by mechanical means. 

Mechanical vacuum breakers are activated when the deck is either being landed on its legs or 
floated off its legs to equalize the pressure of the vapor space across the deck. This is accomplished 
by opening a deck penetration that usually consists of a well formed of pipe or framing on which rests 
a cover (Figure 2-12). Attached to the underside of the cover is a guide leg long enough to contact 
the tank bottom as the external floating deck approaches the tank bottom. When in contact with the 
tank bottom, the guide leg mechanically opens the breaker by lifting the cover off the well. When the 
leg is not contacting the bottom, the penetration is closed by the cover resting on the well. The 
closure may or may not have a gasket between the cover and neck. Since the purpose of the vacuum . 
breaker is»to allow the free exchange of air and/or vapor, the well does not extend appreciably below . 
the deck. The gasket on the underside of the cover, or conversely on the upper rim of the well, . 
provides a small measure of emission control during periods when the roof is free floating and the 
breaker is closed. 

2.4.2 Internal Floating Roof Fittings" ^'^ 

Numerous fittings penetxate or are attached to an internal floating deck. These fittings serve to 
accommodate structural support components^ or to allow for operational functions. The fittings can be 
a source of evaporative loss in that they require penetrations in the deck. Other accessories are used 
that do not penetrate the deck and are not, therefore, sources of evaporative loss. The most common 
fittings relevant to controlling vapor losses are described in the following sections. 

The access hatches, deck legs, vacuum breakers, and automatic gauge float wells for internal 
floating roofs are similar fittings to those described earlier for external floating roofs. Therefore, the 
discussion is not repeated. 

2.4.2.1 Column Wells . The most common fixed-roof designs (Figure 2-4) are normally 
supported from inside the tank by means of vertical columns, which necessarily penetrate the floating 
deck. (Some fixed roofs are entirely self-supporting and, therefore, have no support columns.) 
Columns are made of pipe with circular cross sections or of structural shapes with irregular cross 
sections (built-up). The number of columns varies with tank diameter from a minimum of 1 to over 
50 for very large tanks. A typical fixed roof support column is shown in Figure 2-11. 

The columns pass through deck openings via peripheral vertical wells. With noncontact decks, 
the well should extend down into the liquid stock. Generally, a closure device exists between the top 
of the well and the column. Several proprietary designs exist for this closure, including sliding covers 
and fabric sleeves, which must accommodate the movements of the deck relative to the column as the 
liquid level changes. A sliding cover rests on the upper rim of the colunm well (which is normally 
fixed to the deck) and bridges the gap or space between the column well and the column. The cover, 
which has a cutout, or opening, around the column, slides vertically relative to the coluirm as the deck 
raises and lowers. At the same time, the cover slides horizontally relative to the rim of the well. A 
gasket around the rim of the well reduces emissions from this fitting. A flexible fabric sleeve seal 
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between the rim of the well and the column (with a cutout, or opening to allow vertical motion of the 
seal relative to the columns) similarly accommodates limited horizontal motion of the roof relative to 
the column. A third design combines the advantages of the flexible fabric sleeve seal with a well that 
excludes all but a small portion of the liquid surface from direct exchange with the vapor space above 
the floating deck. 

2.4.2.2 Sample Pipes or Wells. A sample well may be provided to allow liquid stock 
sampling. Typically, the well is funnel-shaped to allow for easy entry of a sample thief. A closure is 
provided, which is typically located at the lower end of the funnel and which frequently consists of a 
horizontal piece of fabric slit radially to allow thief entry. The well should extend into the liquid 
stock on noncontact decks. 

Alternately, a sample well may consist of a slotted pipe extending into the liquid stock 
equipped with an imgasketed or gasketed sliding cover. 

2.4.2.3 Ladder Wells . Some tanks are equipped with internal ladders that extend from a 
manhole in the fixed roof to the tank bottom. The deck opening through which the ladder passes is . . 
constructed with similar design details and considerations to those for column wells, as discussed in 
Section 2.4.2.1. A typical ladder and well are shown in Figure 2-14. 
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Figure 2-1. Typical fixed roof tank. 
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Figure 2-2. External floating roof tank (pontoon type). 
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Figure 2-3. External floating roof tank (double-deck type). 
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Figure 2-4. Internal floating roof tank. 
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Figure 2-5. Domed external floating roof tank.^^ 
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Figure 2-6. Typical underground storage tank. 
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Figure 2-7. A typical above-ground horizontal tank. 
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Figure 2-8. Vapor mounted primary seals. 
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Figwe 2-9. Liquid-mounted and mechanical shoe primary seals. 
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Figure 2-10. Secondary rim seals. 
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Figure 2-11. Deck fittings for floating roof tanks.' ^ 
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Figure 2-12. Deck fittings for floating roof tanks. ^ ^ 
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Figure 2-13. Slotted and unslotted guidepoles. 
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3.0 EMISSION ESTIMATION PROCEDURES 



3.1 INTRODUCTION 



The following section presents the emission estimation procedures for fixed roof (vertical and 
horizontal) and floating roof tanks. These procedures are valid for all petroleum liquids, pure volatile 
organic liquids, and chemical mixtures with similar true vapor pressures. It is important to note that in 
all the emission estimation procedures that the physical properties of the vapor do not include the 
noncondensibles (e.g., air) in the gas but only refer to the condensible components of the stored liquid. 
To aid in the emission estimation procedures, a list of variables with their corresponding definitions 
was developed and is presented in Table 3-1. 

3.1.1 Total Losses From Fixed Roof Tanks ^ 



The following equations, provided to estimate standing storage and working loss emissions, 
apply to tanks with vertical cylindrical shells and fixed roofs. These tanks must be substantially 
liquid- and vapor-tight and must operate approximately at atmospheric pressure. The equations are not 
intended to be used to estimate losses from unstable or boiling stocks or from mixtures of 
hydrocarbons or petrochemicals for which the vapor pressure is not known or cannot be readily 
predicted. Total losses from fixed roof tanks are equal to the simi of the standing storage loss and 
working loss: 

Lt = Ls + Lw (3-1) 

where: 

Lj = total losses, Ib/yr 
Lg = standing storage losses, Ib/yr 
= working losses, Ib/yr 

Fixed roof tank breathing or standing storage losses can be estimated from:^ 

Lg = 365VvWvKeKs (3-2) 

where: 

Lg = standing storage loss, Ib/yr 

Vy = vapor space volume, ft"' 
Wy = vapor density, Ib/ft^ 

Kg = vapor space expansion factor, dimensionless 

Kg = vented vapor saturation factor, dimensionless 
365 = constant, d/yr 



Tank Vapor Space Volume, Vy - The tank vapor space volume is calculated using the following 
equation: 
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(3-3) 



where: 

Vy = vapor space volume, ft^ 
D = tank diameter, ft, see Note 1 for horizontal tanks 
Hyo = vapor space outage, ft 

The vapor space outage, HyQ, is the height of a cylinder of tank diameter, D, whose volume is 
equivalent to the vapor space volume of a fixed roof tank, including the volume under the cone or 
dome roof. The vapor space outage, HyQ, is estimated from: 

Hvo = Hs-Hl + Hro (3-4) 

where: 

HyQ = vapor space outage, ft 

Hg = tank shell height, ft 

Hl = liquid height, ft 
Hj^Q = roof outage, ft [see Note 2 for a cone roof or Note 3 for a dome roof] 

Notes: 

1. The emission estimating equations presented above were developed for vertical fixed roof 
tanks. If a user needs to estimate emissions from a horizontal fixed roof tajik, some of the tank 
parameters must be modified before using the vertical tank emission estimating equations. First, by 
assuming that the tank is one-half filled, the surface area of the liquid in the tank is approximately 
equal to the length of the tank times the diameter of the tank. Next, assiune that this area represents a 
circle, i.e., that the liquid is an upright cylinder. Therefore, the effective diameter, D^, is then equal 
to: 



LP (3-5) 
0.787 



where: 

Dg = effective tank diameter, ft 

L = length of tank, ft 

D = actual diameter of tank, ft 

One-half of the actual diameter of the horizontal tank should be used as the vapor space outage, HyQ. 
This method yields only a very approximate value for emissions ft-om horizontal storage tanks.^ For 
underground horizontal tanks, assume that no breathing or standing storage losses occur (Lg = 0) 
because the insulating nature of the earth limits the diurnal temperature change. No modifications to 
the working loss equation are necessary for either above-ground or underground horizontal tanks. 
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2. For a cone roof, the roof outage, Hj^q, is calculated as follows: 



%0 " % 



(3-6) 



where: 



Hj^Q = roof outage (or shell height equivalent to the volume contained under the roof), ft 
Hj^ = tank roof height, ft 

The tank roof height, Hj^, is equal to Sj^ Rg 

where: 

Sj^ = tank cone roof slope, if unknown, a standard value of 0.0625 ft/ft is used, ft/ft 
Rg = tank shell radius, ft 

3. For a dome roof, the roof outage, Hj^o» calculated as follows: 



Hro - 



1/2 + 1/6 



(3-7) 



where: 



H|^Q = roof outage, ft 
Hj^ = tank roof height, ft 
Rg - tank shell radius, ft 

The tank roof height, Hj^, is calculated: 



% - % ■ (^R^ ■ ^s^)^*^ 



(3-8) 



where: 



Hj^ = tank roof height, ft 

Rj^ = tank dome roof radius, ft 

Rg = tank shell radius, ft 

The value of Rj^ usually ranges fi'om 0.8D - 1.2D, where D is 2Rg. If is unknown, the tank 
diameter is used in its place. If the tank diameter is used as the value for Rj^, Equations 3-7 and 3-8 
reduce to % = 0.268 Rg and Hj^q = 0.137 Rg. 



Vapor Density, Wy - The density of vapor is calculated using the following equation: 



MyPvA 



RT 



(3-9) 



LA 



where: 



Wy = vapor density, Ih/fr 

My = vapor molecular weight, Ib/lb-mole; see Note 1 
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R = the ideal gas constant, 10.731 psia-ft^/Ib-mole-°R 
Py^ = vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 
^LA ^ ^^^'y average liquid surface temperature, ''R; see Note 3 

Notes: 

1. The molecular weight of the vapor, My, can be determined from Table 3-2 and Table 3-3 
for selected petroleum liquids and volatile organic liquids, respectively, or by analyzing vapor 
samples.^"^ Where mixtures of organic liquids are stored in a tank. My can be calculated from the 
liquid composition. The molecular weight of the vapor, My, is equal to the sum of the molecular 
weight of each component, Mj, multiplied by the vapor mole fraction, y^, for each component. The 
vapor mole fraction is equal to the partial pressure of component i divided by the total vapor pressure. 
The partial pressure of component i is equal to the true vapor pressure of component i (P) multiplied 
by the liquid mole fraction, (xj). Therefore, 



^VA 



(3-10) 



My =ZMiyi =ZMi 
where: 

Py^, total vapor pressure of the stored liquid, by Raoult's law, is: 

Py^ = ZPXi (3-11) 

For more detailed information, refer to Section 3.2 

2. True vapor pressure is the equilibriimi partial pressure exerted by a volatile organic liquid, 
as defined by ASTM-D 2879 or as obtained from standard reference texts. Reid vapor pressure is the 
absolute vapor pressure of volatile crude oil and volatile nonviscous petroleimi liquids, except liquified 
petroleum gases, as determined by ASTM-D-323. True vapor pressures for organic liquids can be 
determined from Tables 3-2 and 3-3. True vapor pressure can be determined for crude oils using 
Figures 3-la and 3-lb, if Reid vapor pressure is known.^ For refined stocks (gasolines and naphthas), 
Figures 3-2a and 3-2b can be used.^ In order to use Figures 3-la, 3-lb, 3-2a, or 3-2b, the stored 
liquid surface temperature, T^^^, must be determined in degrees Fahrenheit. See Note 3 to determine 

Tla- 

Alternatively, true vapor pressure for selected petroleiun liquid stocks, at the stored liquid 
surface temperature, can be determined using the following equation: ^ 



Py^ = exp [A - (B/Tla)] (3-12a) 



where: 



exp = exponential function 

A = constant in the vapor pressure equation, dimensionless 

B = constant in the vapor pressure equation, °R 

Tl^ = daily average liquid surface temperature, °R 

Pyy^ = true vapor pressure, psia 
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For selected petroleum liquid stocks, physical property data are presented in Table 3-2?'^ For 
refined petroleum stocks, the constants A and B can be determined from Figures 3-3 and 3-4 or 
calculated from the equations presented in Figure 3-5 and the distillation slopes presented in 
Table 3-4.^ For crude oil stocks, the constants A and B can be determined from Figures 3-6 and 3-7 
or calculated from the equations presented in Figure 3-8.* Note that in Equation 3- 12a, T^^ is 
determined in degrees Rankine instead of degrees Fahrenheit. 

The true vapor pressure of organic liquids at the stored liquid temperature can be 
estimated by the following equation: 

logPvA=A-,^^ (3-12b) 

where: 

A = constant in vapor pressure equation 

B ^ constant in vapor pressure equation 

C = constant in vapor pressure equation 
^LA ~ average liquid surface temperature, °C 
^VA " vapor pressure at average liquid surface temperature, mm Hg 

The values of the constants A, B, and C for organic liquids are listed in Table 3-5.^ Note that 
in Equation 3-12b, T^^ is determined in degrees Celsius instead of degrees Rankine. Also, in 
Equation 3- 12b, Py^^ is determined in mm of Hg rather than psia (760 mm Hg = 14.696 psia). 

3. If the daily average liquid surface temperature, T^^, is unknown, it is calculated using the 
following equation: 

= 0-44Taa + 0.56Tb + 0.0079 od (3-13) 

where: 

Tl^ = daily average liquid surface temperature, °R 
^AA ~ ^^^ly average ambient temperature, °R; see Note 4 
Tg = liquid bulk temperature, °R; see Note 5 
a = tank paint solar absorptance, dimensionless; see Table 3-6 
I = daily total solar insolation factor, Btu/ft^-d; see Table 3-7. 

If Tl^^ is used to calculate Py^ from Figures 3- la, 3- lb, 3-2a, or 3-2b, Tl^ must be converted from 
degrees Rankine to degrees Fahrenheit (°F = °R - 460). If Tl^ is used to calculate Py^ from 
Equation 3- 12b, Tl^ must be converted from degrees Rankine to degrees Celsius (°C=[*^R-492]/1.8). 
Equation 3-13 should not be used to estimate emissions from insulated tanks. In the case of insulated 
tanks, the average liquid surface temperature should be based on liquid surface temperature 
measurements from the tank. 
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4. The daily average ambient temperature, T^^, is calculated using the following equation: 

Taa = (Tax W2 (3-14) 

where: 

^AA ^^^^y average ambient temperature, °R 
T^^ = daily maximum ambient temperature, °R 
^AN ^ minimum ambient temperature, °R 

Table 3-7 gives values of T^^ and T^^^ for select U.S. cities. 

5. The liquid bulk temperature, Tg, is calculated using the following equation: 

TB = T^^ + 6a-l (3-15) 

where: 

Tg = liquid bulk temperature, °R 
^AA ~ ^^^^y average ambient temperature, °R, as calculated in Note 4 
a = tank paint solar absorptance, dimensibnless; see Table 3-6 

Vapor Space Expansion Factor, Kg - The vapor space expansion factor, K^, is calculated using the 
following equation: 

K^.fll.fll^ (3-16) 

^LA ^A ^VA 

where: 

ATy = daily vapor temperature range, °R; see Note 1 

APy = daily vapor pressure range, psi; see Note 2 

APg = breather vent pressure setting range, psi; see Note 3 

= atmospheric pressure, 14.7 psia 

Pyy^ = vapor pressure at daily average liquid surface temperature, psi; see Notes 1 and 2 for 
Equation 3-9 

T^^ = daily average liquid surface temperature, °R; see Note 3 for Equation 3-9 

Notes: 

1 . The daily vapor temperature range ATy, is calculated using the following equation: 

ATy = 0.72 aT^ + 0.028 al (3-17) 

where: 

ATy = daily vapor temperature range, *^R 

aT^ = daily ambient temperature range, °R; see Note 4 

a = tank paint solar absorptance, dimensionless; see Table 3-6 

I = daily total solar insolation factor, Btu/ft^-d; see Table 3-7 
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2. The daily vapor pressure range, APy, can be calculated using the following equation: 



aPv = Pvx-Pvn (3-18) 

where: 

APy = daily vapor pressure range, psia 

^VX ~ vapor pressure at the daily maximum liquid surface temperature, psia; see Note 5 
^VN " vapor pressure at the daily minimum liquid surface temperature, psia; see Note 5 

The following method can be used as an alternate means of calculating APy for petroleum 

hquids: 

0.50BPy. ATy 

APy = — 1 (3-19) 

where: 

APy = daily vapor pressure range, psia 

B = constant in the vapor pressure equation, °R; see Note 2 to Equation 3-9 

^VA ~ vapor pressure at the daily average liquid surface temperature, psia; see Notes 1 and 2 
to Equation 3-9 

Tl^ = daily average liquid surface temperature, *^R; see Note 3 to Equation 3-9 
ATy = daily vapor temperature range, *^R; see Note 1 

3. The breather vent pressure setting range, APg, is calculated using the following equation: 

^Pb = PbP - Pbv (3-20) 



where: 



APg = breather vent pressure setting range, psig 
Pgp = breather vent pressure setting, psig 
^BV ~ breather vent vacuum setting, psig 



If specific information on the breather vent pressure setting and vacuimi setting is not 
available, assume 0.03 psig for Pgp and -0.03 psig for Pgy. If the fixed roof tank is of bolted or 
welded construction in which the roof or shell plates are not vapor tight, assume that APg = 0, even if 
a breather vent is used. The estimating equations for fixed roof tanks do not apply to either low or 
high pressure tanks. If the breather vent pressure or vacuum setting exceeds 1.0 psig, the estimated 
standing storage losses could potentially be negative. 

4. The daily ambient temperature range, AT^, is calculated using the following equation: 

^Ta = Tax-Tan (3-21) 

where: 

aT^ = daily ambient temperature range, °R 
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T^X = daily maximum ambient temperature, °R 
^AN ~ ^^^^y n^iii™^™ ambient temperature, °R 

Table 3.7 gives values of T^^ ^AN selected cities in the United States. 

5. The vapor pressures associated with daily maximum and minimum liquid surface 
temperature, Py^ and Py^^, respectively are calculated by substituting the corresponding temperatures, 
^LX ^LN ^^^^ vapor pressure function discussed in Notes 1 and 2 to Equation 3-9. If Tlx 
^LN ui^own. Figure 3-9 can be used to calculate their values. 

Vented Vapor Saturation Factor, Kg - The vented vapor saturation factor, K§, is calculated using the 
following equation: 



Kc = 



1 



1 + 0.053 Py^Hvo 



(3-22) 



where: 

Kg = vented vapor saturation factor, dimensionless 
Py^ = vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 to 
Equation 3-9 

HyQ = vapor space outage, ft, as calculated in Equation 3-4 
The working loss, L^, can be estimated from: 



= 0.0010 MyPy^QK^Kp 



(3-23) 



where: 



My = 

^VA " 



K^ = 



N 



vapor molecular weight, Ib/lb-mole; see Note 1 to Equation 3-9 

vapor pressure at daily average liquid surface temperature, psia; see Notes 1 and 2 to 
Equation 3-9 

annual net throughput (tank capacity [bbl] times annual turnover rate), bbl/yr 

turnover factor, dimensionless; see Figure 3-10 

for turnovers > 36, K^ = (180 + N)/6N 

for turnovers < 36, K^ = 1 

number of turnovers per year, dimensionless 



N 



5.614Q 



(3-24) 



where: 
V 



LX 



= tank maximum liquid volume, ft^ 
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Vlx=^d2h. 



LX 



(3-25) 



where: 



D = diameter, ft 
^LX ~ maximum liquid height, ft 
Kp = working loss product factor, dimensionless, 0.75 for crude oils. For all other 
organic liquids, Kp = 1 

3.1.2 Total Losses From Floating Roof Tanks^'^-^^'^^ 

Total floating roof tank emissions are the sum of rim seal, withdrawal, deck fitting, and deck 
seam losses. The equations presented in this subsection apply only to floating roof tanks. The 
equations are not intended to be used in the following applications: 

1 . To estimate losses from unstable or boiling stocks or from mixtures of hydrocarbons or 
petrochemicals for which the vapor pressure is not known or cannot readily be predicted; 

2. To estimate losses from closed internal or closed domed external floating roof tanks (tanks 
vented only through a pressure/vacuum vent); or 

3. To estimate losses from tanks in which the materials used in the rim seal and/or deck 
fittings are either deteriorated or significantly permeated by the stored liquid. 

Total losses from floating roof tanks may be written as: 



where: 

- total loss, Ib/yr 

Lj^ = rim seal loss, Ib/yr; see Equation 3-27 

LwD ~ withdrawal loss, Ib/yr; see Equation 3-29 

Lp = deck fitting loss, Ib/yr; see Equation 3-30 

Lj) = deck seam loss (internal floating roof tanks only), Ib/yr; see Equation 3-35 
Rim Seal Loss - Rim seal loss from floating roof tanks can be estimated by the following equation:' 



where: 

Lj^ = rim seal loss, Ib/yr 

Kp^^ = zero wind speed rim seal loss factor, lb-mole/ft*yr; see Table 3-8 
*^Rb ~ speed dependent rim seal loss factor, lb-mole/(mph)"ftyr; see Table 3-8 

v - average ambient wind speed at tank site, mph; see Note 1 



Lj - Lj^ + ^WD Lp + Lj) 



(3-26) 



LR=(KRa + KRbV")DP*MvKc 



(3-27) 
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n = seal-related wind speed exponent, dimensionless; see Table 3-8 
P* = vapor pressure function, dimensionless; see Note 2 

P * = ^VA^Pa ^3 28) 

[l+(l-tPvA/PA])°¥ 

where: 

Py^ = vapor pressure of the stored liquid at the daily average temperature, psia 
= atmospheric pressure, psia 
D = tank diameter, ft 
My = average vapor molecular weight, Ib/lb-mole; see Note 1 to Equation 3-9, 
Kq = product factor, = 0.4 for crude oils; K^- = 1 for all other organic liquids. 

Notes: 

1. If the wind speed at the tank site is not available, use wind speed data from the nearest 
local weather station or values from Table 3-97 If the tank is an intemal or domed external floating 
roof tank, the value of v is zero. 

2. P* can be calculated or read directly from Figure 3-11.^ 

Withdrawal Loss - The withdrawal loss from floating roof storage tanks can be estimated using 
Equation 3-29.^ 

(0.943)QCWl NcFc 
LwD = ^ ' 

where: 

^WD ~ withdrawal loss, Ib/yr 

Q = annual throughput (tank capacity [bbl] times annual turnover rate), bbl/yr 

C = shell clingage factor, bbl/1,000 ft^; see Table 3-10^^ 
Wl = average organic liquid density, lb/gal; see Note 1 

D = tank diameter, ft 
0.943 = constant, 1,000 ft^-gal/bbl^ 



N(- = nimiber of fixed roof support columns, dimensionsless; see Note 2 
- effective column diameter, feet (column perimeter [ft]/7r); see Note 3 

Notes: 

1 . A list of the average organic liquid density for select petrochemicals is provided in 
Tables 3-2 and 3-3. If is not known for gasoline, an average value of 6.1 lb/gal can be 
assumed. 

2. For an IFRT with a self-supporting fixed roof or for an external floating roof tank: 

Nc = 0. 
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For an IFRT with a column-supported fixed roof: 

Nq = use tank-specific information or see Table 3-11.^ 

3. Use tank-specific effective column diameter or 

F(- = 1.1 for 9-inch by 7-inch built-up columns, 0.7 for 8-inch-diameter pipe 
columns, and 1.0 if column construction details are not known 

Deck Fitting Loss - The deck fitting loss from floating roof tanks can be estimated by the following 
equation:*^ 

Lp = FpP*MyKc (3-30) 

where: 

Lp = the deck fitting loss, Ib/yr 

Fp = total deck fitting loss factor, Ib-mole/yr 



= [(Np^Kp^)^(Np^Kp^)-...-H(Np^Kp^)] (3-31) 



where: 



Np = number of deck fittings of a particular type (i = 0,1,2,.. .,nf), dimensionless 
Kp. = deck fitting loss factor for a particular type fitting 
(i = 0,1, 2,. ..,n), Ib-mole/yr; see Equation 3-32 
total number of different types of fittings, dimensionless 



n = 



P*, My and are as defined for Equation 3-27. 

The value of Fp may be calculated by using actual tank-specific data for the number of each 
fitting type (Np) and then multiplying by the fitting loss factor for each deck fitting (Kp). 

The deck fitting loss factor, Kp. for a particular type of fitting, can be estimated by the 
following equation:^* * 

= Kp,^ - Kpb^ (K^vr* (3-32) 

where: 

Kp = loss factor for a particular type of deck fitting, Ib-moles/yr 

i 

Kp„ = zero wind speed fitting loss factor for a particular type of deck fitting, Ib-moles/yr 

raj 

^Fb ^ "^^^^ speed dependent fitting loss factor for a particular type of roof fitting, 
lb-mole/(mph)'" yr 
m| = loss factor for a particular type of roof fitting, dimensionless 
i = 1,2,..., n, dimensionless 
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V = 



fitting wind speed correction factor, dimensionless; see Note 
average ambient wind speed, mph 



Note: 

For external floating roof tanks, the fitting wind speed correction factor is: 

= 0.7 (3-33) 

For internal and domed external floating roof tanks, the value of v in Equation 3-32 is zero 
and the equation becomes: 

Kfj = Kp3. (3-34) 

Loss factors Kp^, Kpj^, and m are provided in Table 3-12 for the most common deck fittings 
used on floating roof tanks.^*^^'^"*'^^ These factors apply only to typical deck fitting conditions and 
when the average ambient wind speed is below 15 miles per hour. Typical numbers of deck fittings 
are presented in Tables 3-11, 3-12, 3-13, 3-14, and 3-15/'^^ 

Deck Seam Loss - Neither internal floating roof tanks with welded decks nor external floating roof 
tanks have deck seam losses. Internal floating roof tanks with bolted decks may have deck seam 
losses. Deck seam loss can be estimated by the following equation:^ 



Ld = KdSqDVm^Kc (3-35) 



where: 



Kj) = deck seam loss per unit seam length factor, Ib-mole/ft-yr 

= 0.0 for welded deck or external floating roof tank 

= 0.14 for bolted deck*^ 

Sj) = deck seam length factor, ft/ft^ 

^seam 



^deck 



where: 

^seam ^ ^^^^^ length of deck seams, ft 



^deck ^ deck, ft^ = 



71 D2 



D, P*, My, and are as defined for Equation 3-27 

If the total length of the deck seam is not known, Table 3-16 can be used to determine Sj^.^ 
For a deck constructed from continuous metal sheets with a 7-ft spacing between the seams, a value of 
0.14 ft/ft^ can be used. A value of 0.33 ft/fit^ can be used for Sj^ when a deck is constructed fi-om 
rectangular panels 5 ft by 7.5 ft. Where tank-specific data concerning width of deck sheets or size of 
deck panels are unavailable, a default value for can be assigned. A value of 0.20 can be 
assumed to represent the most common bolted decks currently in use. 
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Note: Recently vendors of bolted decks have been using various techniques in an effort to reduce 
deck seam losses, such as gasketing the deck seams. However, emission factors are not 
currently available that represent the emission reduction, if any, achieved by these techniques. 
Some vendors have developed specific factors for their deck designs; however, use of these 
factors is not recommended until approval has been obtained from the governing regulatory 
agency or permitting authority. 

3,1.3 Variable Vapor Space Tanks 

Variable vapor space filling losses result when vapor is displaced by liquid during filling 
operations. Since the variable vapor space tank has an expandable vapor storage capacity, this loss is 
not as large as the filling loss associated with fixed roof tanks. Loss of vapor occurs only when the 
tank's vapor storage capacity is exceeded. Equation 3-36 assumes that one-fourth of the expansion 
capacity is available at the beginning of each transfer. 

Variable vapor space system filling losses can be estimated from:*^ 

Lv=(2.40 x 10-2) (M^p^^/Vj) [(Vj) - (O.25V2N2)] (3-36) 

variable vapor space filling loss, lb/1,000 gal throughput 

molecular weight of vapor in storage tank, Ib/lb-mole; see Note 1 to Equation 3-9 

true vapor pressure at the daily average liquid surface temperature, psia; see Notes 1 and 
2 to Equation 3-9 

volume of liquid pumped into system, throughput, bbl/yr 
volume expansion capacity of system, bbl; see Note 1 
number of transfers into system, dimensionless; see Note 2 



where: 



Lv 
Mv 

PVA 



N2 



Notes: 

1 . V2 is the volxmie expansion capacity of the variable vapor space achieved by roof lifting or 
diaphragm flexing. 

2. N2 is the number of transfers into the system during the time period that corresponds to a 
throughput of Vj. 

The accuracy of Equation 3-36 is not documented. Special tank operating conditions may 
result in actual losses significantly different fi*om the estimates provided by Equation 3-36. For 
example, if one or more tanks with interconnected vapor spaces are filled while others are 
simultaneously emptied, all or part of the expelled vapors will be transferred to the tank, or tanks, 
being emptied. This is called balanced pimiping. Equation 3-36 does not account for balanced 
pumping and will overestimate emissions under this condition. It should also be noted that, although 
not developed for use with heavier petroleum liquids such as kerosenes and fiiel oils, the equation is 
recommended for use with heavier petroleum liquids in the absence of better data. 
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3.1.4 Pressure Tanks 



Losses occur during withdrawal and filling operations in low-pressure (2.5 to 15 psig) tanks 
when atmospheric venting occurs. High-pressure tanks are considered closed systems, with virtually 
no emissions. Vapor recovery systems are often found on low-pressure tanks. Fugitive losses are also 
associated with pressure tanks and their equipment, but with proper system maintenance, these losses 
are considered insignificant. No appropriate correlations are available to estimate vapor losses from 
pressure tanks. 

3.2 HAZARDOUS AIR POLLUTANTS (HAP's) SPECIATION METHODOLOGY 

In some cases it may be important to know the annual emission rate for a component (e.g., a 
HAP) of a stored liquid mixture. There are two basic approaches that can be used to estimate 
emissions for a single component of a stored liquid mixture. One approach involves calculating the 
total losses based upon the known physical properties of the mixture (i.e., gasoline) and then 
determining the individual component losses by multiplying the total loss by the weight fraction of the 
desired component. The second approach is similar to the first approach except that the mixture 
properties are unknown; therefore, the mixture properties are first determined based on the composition 
of the liquid mixture. 

Case 1— I f the physical properties of the mixture are known (Pva» M^jMl and W^), the total 
losses from the tank should be estimated using the procedures described previously for the particular 
tank type. The component losses are then determined from either Equation 3-37 or 3-38. For fixed 
roof tanks, the emission rate for each individual component can be estimated by: 

L^. = (ZyXLj) (3-37) 

where: 

Lj = emission rate of component i, Ib/yr 

i 

Zy = weight fraction of component i in the vapor, lb/lb 
Lj = total losses, Ib/yr 

For floating roof tanks, the emission rate for each individual component can be estimated by: 
Lt. = (ZvXLr ^ Lp + Ld) ^ (ZlXLwd) (3-38) 

where: 

L-r = emission rate of component i, Ib/yr 

^ i 

Zy ~ weight fraction of component i in the vapor, lb/lb 

Lp^ = rim seal losses, Ib/yr 
Lp = deck fitting losses, Ib/yr 
Lf) = deck seam losses, Ib/yr 
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Z^. = weight fraction of component i in the liquid, lb/lb 
^WD ~ withdrawal losses, Ib/yr 

If Equation 3-37 is used in place of Equation 3-38 for floating roof tanks, the value obtained will be 
approximately the same value as that achieved with Equation 3-38 because withdrawal losses are 
typically minimal for floating roof tanks. 

In order to use Equations 3-37 and 3-38, the weight fraction of the desired component in the 
liquid and vapor phase is needed. The liquid weight faction of the desired component is typically 
known or can be readily calculated for most mixtures. In order to calculate the weight fraction in the 
vapor phase, Raoult*s Law must first be used to determine the partial pressure of the component. The 
partial pressure of the component can then be divided by the total vapor pressure of the mixture to 
determine the mole fraction of the component in the vapor phase. Raoult's Law states that the mole 
fraction of the component in the liquid (xj) multiplied by the vapor pressure of the pure component at 
the daily average liquid surface temperature (P) is equal to the partial pressure (Pj) of that component: 



where: 



Pi = (P)(Xi) (3-39) 
Pj = partial pressure of component i, psia 

P = vapor pressure of pure component i at the daily average liquid surface temperature, psia 
X| - liquid mole fraction of component i, Ib-mole/lb-mole 

The vapor pressure of each component can be calculated from Antoine's equation or found in 
standard references, as shown in Section 3.2. In order to use Equation 3-39, the liquid mole fraction 
must be determined from the liquid weight fraction by: 

Xi = (Zl.)(Ml) / (Mj) (3-40) 

where: 

Xj = liquid mole fraction of component i, Ib-mole/lb-mole 
Zl = weight fraction of component i, lb/lb 

Ml = molecular weight of liquid stock, Ib/lb-mole 
Mj == molecular weight of component i, Ib/lb-mole 

If the molecular weight of the liquid is not known, the liquid mole fraction can be determined by 
assuming a total weight of the liquid mixture. The liquid mole fraction and the vapor pressure of the 
component at the daily average liquid surface temperature can then be substituted into Equation 3-39 
to obtain the partial pressure of the component. The vapor mole fraction of the component can be 
determined from the following equation: 



P 



yi = _ (3-41) 

^VA 
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where: 

yj = vapor mole fraction of component i, Ib-mole/lb-mole 
P- == partial pressure of component i, psia 
^VA " ^^^^^ vapor pressure of liquid mixture, psia 

The weight fractions in the vapor phase are calculated from the mole fractions in the vapor phase. 

vM 

Zv = (3-42) 

where: 

Zv = vapor weight fraction of component i, lb/lb 

i 

Yj = vapor mole fraction of component i, Ib-mole/lb-mole 
Mj = molecular weight of componeint i, Ib/lb-mole 
My = molecular weight of vapor stock, Ib/lb-mole 

The liquid and vapor weight fractions of each desired component and the total losses can be 
substituted into either Equation 3-37 or 3-38 to estimate the individual component losses. 

Case 2"F or cases where the mixture properties are unknown but the composition of the liquid 
is known (i.e., nonpetroleum organic mixtures), the equations presented above can be used to obtain a 
reasonable estimate of the physical properties of the mixture. For nonaqueous organic mixtures, 
Equation 3-39 can be used to determine the partial pressure of each component. If Equation 3-40 is 
used to determine the liquid mole fractions, the molecular weight of the liquid stock must be known. 
If the molecular weight of the liquid stock is unknovm, then the liquid mole fractions can be 
determined by assuming a weight basis and calculating the number of moles. The partial pressure of 
each component can then be determined from Equation 3-39. 

For special cases, such as wastewater, where the liquid mixture is a dilute aqueous solution, 
Henry's Law should be used instead of Raoult's Law in calculating total losses. Henry's Law states 
that the mole fraction of the component in the liquid phase multiplied by the Henry's Law constant for 
the component in the mixture is equal to the partial pressure (Pj) for that component. For wastewater, 
Henry's Law constants are typically provided in the form of atm-m^/g-mole. Therefore, the 
appropriate form of Henry's Law equation is: 

Pi - H^CCi) 3-43) 

where: 

Pj = partial pressure of component i, atm 
Hj^ = Henry's Law constant for component i, atm-m^/g-mole 
Cj = concentration of component i in the wastewater, g-mole/m ; see Note 

Table 3-17 presents Henry's Law constants for selected organic liquids.*^ Table 3-18 presents the 
temperature correction equation for the Henry's Law constants presented in Table 3-17. The partial 
pressure calculated from Equation 3-43 will need to be converted from atmospheres to psia 
(1 atm = 14.696 psia). 



3-16 



Note: Typically wastewater concentrations are given in mg/L, which is equivalent to g/m^. To 

convert the concentrations to g-mole/m"^ divide the concentration by the molecular weight of 
the component. 

The total vapor pressure of the mixture can be calculated from the sum of the partial pressures: 

PvA = 2:Pi 

where: 

^VA ^ vapor pressure at daily average liquid surface temperate, psia 
P- = partial pressure of component i, psia 

This procedure can be used to determine the vapor pressure at any temperature. After 
computing the total vapor pressure, the mole fractions in the vapor phase are calculated using : 
Equation 3-41. The vapor mole fractions are used to calculate the molecular weight of the vapor, My. 
The molecular weight of the vapor can be calculated by: 

My = ^M-y- (3-45) 

where: 

My = molecular weight of the vapor, Ib/lb-mole 
Mj = molecular weight pf component i, Ib/lb-mole 
y. ~ vapor mole fraction of component i, Ib-mole/lb-mole 

Another variable that may need to be calculated before estimating the total losses (if it is not 
available in a standard reference) is the density of the liquid, W^. If the density of the liquid is 
unknown, it can be estimated based on the liquid weight fractions of each component. 

All of the mixture properties are now known (PyA^ My, and W^), therefore, these values can 
be used in the emission estimation procedures to estimate total losses. After calculating the total loss, 
the component losses can be calculated by using either Equation 3-37 or 3-38. Prior to calculating 
component losses, Equation 3-42 must be used to determine the vapor weight fractions of each 
component. 
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Figure 3- la. True vapor pressure of crude oils with a Reid vapor 
pressure of 2 to 15 pounds per square inch.^ 
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1 . 5 » slope of the ASTM distillation curve at 10 percent evaporated, in degrees 

Fahrenheit per percent 
« ((T at 15 percent) - (T at 5 pcrceni)]/(10 percent). 

In the absence of dbtillation data, the fotkwing average vahtes of 5 may be used: 

Motor gasoline— 3.0. 
Aviation gasoline — ^2.0. 

Light naphtha {RVP of 9-14 pounds per square inch >— 3.5. 
Naphtha {RVP of 2-8 pounds per square inch)— 2.5. 

2. The broken line illustrates a sample problem for a gasoline stock (5 = 3.0) with a 
Reid vapor pressure of 10 pounds per square inch and a stock temperature of 62.5T. 



Figure 3-2a. True vapor pressure of refined petroleum stocks with a Reid vapor 
pressure of 1 to 20 pounds per square inch.^ 
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P = exp^ 



^ 2,799 ^ 
T + 459.6 



-2.227 



logio (RVP) 



^_7^261_^ 
T + 459.6 



+ 12.82 



Where: 



P = stock true vapor pressure, in pounds per square inch absolute. 
T = stock temperature, in degrees Fahrenheit. 
RVP = Reid vapor pressure, in pounds per square inch. 



Note: This equation was derived from a regression analysis of points read off Figure 3- la over the fiiU 

range of Reid vapor pressures, slopes of the ASTM distillation curve at 1 0 percent evaporated, and 
stock temperatures. In general, the equation yields P values that are within +0.05 pound per square 
inch absolute of the values obtained directly from the nomograph. 



Figure 3- lb. Equation for true vapor pressure of crude oils with a Reid vapor 
pressure of 2 to 15 pounds per square inch.^ 



Where: 



T + 459.6 



S°-^log,o (RVP) - 1.854 



1,042 
T + 459.6 



.0.5 



8,742 



T + 459.6 



15.64 1 



P = Stock true vapor pressure, in pounds per square inch absolute. 
T = stock temperature, in degrees Fahrenheit. 
RVP = Reid vapor pressure, in pounds per square inch. 

S = slope of the ASTM distillation curve at 10 percent evaporated, in degrees Fahrenheit per percent. 



Note: This equation was derived from a regression analysis of points read off Figure 3-2a over the full range of Reid 
vapor pressures, slopes of the ASTM distillation curve at 10 percent evaporated, and stock temperatures. In 
general, the equation yields P values that are within +0.05 pound per square inch absolute of the values 
obtained directly from the nomograph. 



Figure 3-2b. Equation for true vapor pressure of refined petroleum stocks with a Reid vapor 
pressure of 1 to 20 pounds per square inch.^ 



3-20 



20 



18 



CD 

% CO 

if 
11 

Si 

9 s 



5 



I I I I ' 



r 



I I I I I 



ASTM 086 distillation slope at 
10 volume percent evaporated 
S f P/vol.%) 



0.4 0.6 O.a 1 2 4 

Reid vapor pressure. RVP (psi) 




20 



Figure 3-3. Vapor pressure function coefficient (A) of refined petroleum stocks with a 
Reid vapor pressure of 1 to 20 psi, extrapolated to 0.1 psi.^ 
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Figure 3-4. Vapor pressure function coefficient (B) of refined petroleum stocks with a 
Reid vapor pressure of 1 to 20 psi, extrapolated to 0.1 psi,^ 
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A = 15.64 - 1.854 S^-^-(0.8742 - 0.3280 S^'^) fti(RVP) 




B = 8742 - 1042 S^-^-(1049-179.4 S*^"^) en(RVP) 


where: 




RVP 
S 

tn 


= stock Reid vapor pressure, in pounds per square inch. 

= stock ASTM-D86 distillation slope at 10 volume percent evaporated, in 

degrees Fahrenheit per volume percent. 
= natural logarithm function. 


The slope, S, is the slope of the ASTM-D86 distillation data at 10 volume percent evaporated and 
can be calculated from the distillation data using: 




T15-T5 
S = 




10 


where: 




S 


= stock ASTM-D86--Distillation of Petroleum Products 


T5 


distillation slope at 10 volume percent evaporated, in 
degrees Fahrenheit per volume percent. 
= temperature at which 5 volume percent is evaporated, in 
degrees Fahrenheit. 


Ti5 


= temperature at which 15 volume percent is evaporated, in degrees Fahrenheit. 


The constant, 10, has units of volume percent. 



Figure 3-5. Equations to determine vapor pressure constants A and B 
for refined petroleum stocks.* 
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Figure 3-6, Vapor pressure function coefficient (A) of crude oil stocks witli a 
Reid vapor pressure of 2 to 15 psi, extrapolated to 0. 1 psi. 
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Figure 3-7. Vapor pressure function coefficient (B) of crude oil stocts with 
a Reid vapor pressure of 2 to 15 psi, extrapolated to 0.1 psi 
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A = 12.82 - 0.9672 Hn (RVP) 




B = 7,261 - 1,216 to (RVP) 


where: 






RVP = stock Reid vapor pressure psi 




to = natural logarithm function 



Figure 3-8. Equations to determine vapor pressure Constants A and B 
for crude oils stocks J 



Daily Maximum and Minimum Liquid Surface Temperature, (°R) 
Tlx = + 0.25 aTv 
Tln = Tla - 0.25 aTv 
where: 

Tlx ~ daily maximum liquid surface temperature, °R 
Tla is as defined in Note 3 to Equation 3-9 
aTv is as defined in Note 1 to Equation 3-16 
Tln ~ d^ily minimum liquid surface temperature, °R 



Figure 3-9. Equations for the daily maximxmi and minimum liquid surface temperatures.' 
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TURNOVER PER YEAR » ANNUAL THROUgHm 

TANK CAPACITY 

Note: For 36 tufnovert per year or less, Kn -1.0 



Figure 3-10. Turnover factor (K^) for fixed roof tanks. 



3-25 



1 

} 



^ 1 

9^ 

el — 






















































7 I 




























6- 




























5 


- 


























4 


























— 




























UUillU 


ItllHIII 


























Illllllll 


1 


























Illllllll 


»I — 








1 


















— I i 


>- — 






t— 




















— z < 


r I — 


























— I ( 


\ ' 


I 






4- 




















[ 


























( 




























( 


Illllllll 


f— 
























— = < 


iriiiiiii 


























IIIIIIIM 


JIM iinr 


1 








{1 


+ (1 - 






1 


— 1— 




1 


^0 



t.o 

0.9 
0.8 



0.3 



0.2 



0.04 



0.03 



0.02 



>.01 



Stock tnM vivnr prmum, P (pounds par tqum inch 



Notes: 



1. Bn^ea line illustrates sajiq>le problem for P = 5.4 pounds pet square inch absolute. 

2. Curve is for atmospheric pressure, equal to 14.7 pounds per square inch absolute. 



Figure 3-11. Vapor pressure function. 
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TABLE 3-4. ASTM DISTILLATION SLOPE FOR 
SELECTED REFINED PETROLEUM STOCKS 



Refined petroleum stock 


Reid vapor pressure (RVP), 
psia 


ASTM distillation slope at 
10 volume percent 
evaporated,(°F/vol%) 


Aviation gasoline 


ND 


2.0 


Naphtha 


2-8 


2.5 


Motor gasoline 


ND 


3.0 


Light naphtha 


9-14 


3.5 



'Reference 1 . ND = no data. 
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TABLE 3-5. VAPOR PRESSURE EQUATION CONSTANTS 
FOR ORGANIC LIQUIDS^ 



Name 


Vapor pressure equation constants 


A 


B 


C 


(dimensionless) 




CO 


Acetaldehyde 


8.005 


1600,017 


291.809 


Acetic acid 


7.387 


1533.313 


222.309 


Acetic anhydride 


7.149 


1444.718 


199.817 


Acetone 


7.117 


1210.595 


229.664 


Acetonitrile 


7.119 


1314,4 


230 


Acrylamide 


11.2932 


3939-877 


273-16 


Acrylic acid 


5.652 


648,629 


154.683 


Acrylonitrile 


7.038 


1232,53 


222.47 


Aniline 


7.32 


1731.515 


206.049 


Benzene 


6.905 


1211.033 


220.79 


Butanol (iso) 


7.4743 


1314.19 


186.55 


Butanol-(l) 


7.4768 


1362.39 


178.77 


Carbon disulfide 


6.942 


1169.11 


241.59 


Carbon tetrachloride 


6.934 


1242.43 


230 


Chlorobenzene 


6.978 


1431.05 


217.55 


Chloroform 


6.493 


929.44 


196,03 


Chloroprene 


6.161 


783.45 


179.7 


Cresol(-M) 


7.508 


1856,36 


199.07 


Cresol(-O) 


6.911 


1435.5 


165.16 


Cresol(-P) 


7-035 


1511.08 


161.85 


Cumene (isopropylbenzene) 


6.963 


1460.793 


207.78 


Cyclohexane 


6.841 


1201.53 


222.65 


Cyclohexanol 


6.255 


912.87 


109.13 


Cyclohexanone 


7.8492 


2137,192 


273-16 


Dichloroethane(l ,2) 


7.025 


1272-3 


222,9 


Dichloroethylene(l ,2) 


6.965 


1141.9 


231.9 


Diethyl (N,N) anilme 


7.466 


1993.57 


218.5 


Dimethyl formamide 


6.928 


1400.87 


196.43 


Dimethyl hydrazine (1,1) 


7.408 


1305.91 


225.53 


Dimethyl phthalate 


4.522 


700.31 


51.42 


Dinitrobenzene 


4.337 


229.2 


-137 


Dioxane(l,4) 


7.431 


1554.68 


240.34 


Epichlorohydrin 


8-2294 


2086.816 


273.16 


Ethanol 


8.321 


1718.21 


237.52 


Ethanolamine(mono-) 


7.456 


1577.67 


173.37 


Ethyl acetate 


7.101 


1244.95 


217.88 


Ethyl acrylate 


7.9645 


1897.011 


273.16 


Ethyl benzene 


6.975 


1424.255 


213.21 


Ethyl chloride 


6.986 


1030.01 


238.61 
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TABLE 3-5. (Continued) 



Name 


Vapor pressure equation constants 


A 


B 


C 


(dimensionless) 


ro 


(°C) 


Ethyl ether 


6.92 


1064.07 


228.8 


Formic acid 


7-581 


1699.2 


260.7 


Furan 


6.975 


1060.87 


227.74 


Furfural 


6.575 


1198.7 


162.8 


Heptane(iso) 


6.8994 


1331.53 


212.41 


Hexane(-N) 


6.876 


1171.17 


224.41 


Hexanol(-l) 


7.86 


1761.26 


196.66 


Hydrocyanic acid 


7.528 


1329.5 


260.4 


Methanol 


7.897 


1474.08 


229.13 


Methyl acetate 


7.065 


1157.63 


219.73 


Methyl ethyl ketone 


6.9742 


1209.6 


216 


Methyl isobutyl ketone 


6.672 


1168.4 


191.9 


Methyl metharcrylate 


8.409 


2050.5 


274-4 


Methyl styrene (alpha) 


6.923 


1486.88 


202.4 


Methylene chloride 


7.409 


1325.9 


252.6 


Morpholine 


7.7181 


1745.8 


235 


Naphthalene 


7.01 


1733.71 


201.86 


Nitrobenzene 


7.115 


1746-6 


201.8 


Pentachloroethane 


6.74 


1378 


197 


Phenol 


7.133 


1516-79 


174.95 


Picoline(-2) 


7.032 


1415.73 


211.63 


Propanol (iso) 


8.117 


1580.92 


219.61 


Propylene glycol 


8.2082 


2085.9 


203.5396 


Propylene oxide 


8.2768 


1656.884 


273.16 


Pyridine 


7.041 


1373.8 


214.98 


Resorcinol 


6.9243 


1884.547 


186-0596 


Styrene 


7.14 


1574.51 


224.09 


Tetrachloroethane( 1,1,1,2) 


6.898 


1365.88 


209.74 


Tetrachloroethane( 1 , 1 ,2,2) 


6.631 


1228.1 


179.9 


Tetrachloroethylene 


6.98 


1386.92 


217-53 


Tetrahydrofuran 


6.995 


1202.29 


226.25 


Toluene 


6.954 


1344.8 


219.48 


Trichloro( 1 , 1 ,2)trifluoroethane 


6.88 


1099.9 


227.5 


Trichloroethane( 1,1,1) 


8.643 


2136.6 


302.8 


Trichloroethane(l,l,2) 


6.951 


1314-41 


209.2 


Trichloroethylene 


6.518 


1018.6 


192.7 


Trichlorofluoromethane 


6.884 


1043.004 


236-88 


Trichloropropane(l ,2,3) 


6.903 


788.2 


243-23 


Vinyl acetate 


7.21 


1296.13 


226.66 
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TABLE 3-5. (Continued) 



Name 


Vapor pressure equation constants 


A 


B 


C 


(dimensionless) 


(°C) 


CO 


Vinylidene chloride 


6.972 


1099.4 


237.2 


Xylene(-M) 


7.009 


1426.266 


215.11 


Xylene(-O) 


6.998 


1474.679 


213.69 



'Reference 11. 
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TABLE 3-6. PAINT SOLAR ABSORPTANCE FOR FIXED ROOF TANKS' 



Paint color 


Paint shade or type 


Paint factors (a) 


Paint condition 


Good 


Poor 


Aluminum 


Specular 


0.39 


0.49 


Aluminum 


Difllise 


0.60 


0.68 


Gray 


Light 


0.54 


0.63 


Gray 


Medium 


0.68 


0.74 


Red 


Primer 


0.89 


0.91 


White 


NA 


0.17 


0.34 



^Reference 1 . If specific information is not available, a white shell and roof, with the paint in good 
condition, can be assumed to represent the most common or typical tank paint in use. NA = not 
applicable. 
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11 


73.2 
51,! 
1345 




43.6 
29.5 
838 


m 


81.7 
54.2 
1872 


72,5 
49.0 
1404 


72.9 
50.8 
1404 


77.7 
53.3 
1749 


74.2 
53.5 
1598 


70.1 
55.0 
1594 


73.4 
47.8 
1643 


191 




m 


f 

i 


i 


55,9 
35.2 
661 


59.8 
37.9 
719 


27.7 
15.8 
64 


66.4 
40.2 
932 


65.0 
39.0 
996 


52.1 
30.2 
682 




57.6 
38.7 
677 


67.4 
44.7 
847 




53.2 
37.9 
538 


56.3 
42.2 
642 


64.6 
38.3 
804 


46.1 
18.9 
732 


1 


63.7 
40.5 
858 


67.0 
43.0 
915 


34.9 
22.8 
175 


74.3 
46.9 
1151 


SSI 


61.9 
37.7 
851 


62.4 
40.0 
847 


67.4 
44.9 
942 




70.3 
52.1 
1004 


63.2 
42.8 
782 


62.7 
46.3 
821 


68.9 
42.1 
974 






74.8 
50.4 
1211 


77.5 
53.1 
1262 


44.0 
30.6 
437 


87.7 
59,1 
1577 




75.9 
49.0 
1201 


75.8 
50,4 
1228 


81.0 
54.9 
1458 


78.4 
56.6 
1326 


74.0 
58.5 
1317 


77.7 
50.0 
1315 


70.0 
51.2 
1226 


73.3 
47.6 
1353 


66.8 
36.9 
1301 


i 


84.6 
63.6 
1455 


ill 


54.8 
39.7 
791 


98.2 
70,9 
2015 


93.5 
67.3 
1979 


85.7 
62.1 
1502 


85.6 
63.0 
1518 


90.8 
63.8 
1992 


82.5 
61.6 
1701 


76.4 
62,5 
1681 


87.6 
55.8 
1907 


73.4 
54.3 
1742 


74.2 
51.8 
1730 


77.5 
47.7 
1727 


1 


89.7 
69.1 
1724 


91.2 
71.1 
1746 


m 


102.3 
77.5 
2293 


95.9 
72.0 
2183 


92.9 
68.9 
1877 


92.3 
69.6 
1861 


96.4 
68,5 
2421 


83.8 
64.0 
2100 


76.5 
64.0 
2080 


91.7 
57.6 
2368 


71.8 
54.2 
2117 


72.8 
53.2 
2106 


85.8 
57.0 
2044 




m 


91.5 
71.8 
1841 


60.5 
45.1 
1598 


105.0 
79.5 
2487 


98.5 
73.8 
2341 




92.7 
71.4 
2032 


m 


m 




m 


71.0 
53.3 
2392 


72.1 
52.4 
2341 


88.0 
58.7 
2273 


1 


87.9 
65.9 
1919 


89.8 
68.4 
1972 


56.3 
41.2 
1751 


102.3 
70.6 
2739 


98,5 
67.4 
2730 




89.5 
67.5 
2107 


92.2 
64.3 
2749 


77.4 
58.9 
2140 


72.0 
59.1 
2119 




69.6 
52.0 
2377 


69.9 
49.6 
2349 


81.6 
52.4 
2351 


1 


81.6 
58.3 
1857 


83.6 
61.1 
1897 


49.8 
34.6 
1583 


92.4 
61.5 
2677 




81.0 
58.2 
1912 


81.7 
59.2 
1929 


83.9 
57.2 
2509 




m 


79.7 
50.1 
2435 


66.3 
49.3 
2226 


67.3 
46.2 
2141 


70.7 
43.6 
2135 


1 


•75.2 
50.4 
1674 


77.0 
53.3 
1729 


42.1 
28.1 
1248 


83.1 
53.0 
2355 


80.1 
49.7 
2363 


73.7 
49.1 
1616 


73.8 
50.9 
1611 




70.9 
50.8 
1938 


66.7 
52.2 
1951 


71.0 
45.3 
2004 


ill 


65.6 
42.7 
1921 


61.0 
33.7 
1879 


1 


65.2 
42.1 
1296 


68.1 
45.5 
1341 


34.4 
19.3 
759 


74.5 
46.7 
1814 


71.8 
43,8 
1864 


62.5 
38.5 
1312 


63.2 
41.2 
1313 


68.6 
45.5 
1595 




65.1 
49.7 
1619 


64.1 
42.4 
1458 


60.6 
44.9 
1455 


ail 


51.2 
24.7 
1530 


1 


57.3 
35.2 
967 


60.9 
38.8 
1013 


31.2 
17.4 
334 


69.7 
42.5 
1374 


67.4 
40.0 
1432 


53.8 
30,9 
999 


54.5 
33.6 
1003 


63.7 
42.6 
1102 


67.3 
45.9 
1215 


65.5 
48.6 
1214 






64.2 
40.3 
1141 


46.9 
20.2 
1127 




52.7 
33.0 
707 


57.0 
36.4 
752 


27.0 
14,4 
122 


65.2 
39.4 
1021 




48.4 
26.6 
744 


49.8 
29.9 
731 








52.6 
37.9 
597 






43.1 
15.9 
840 


1 

a. 


1 




V 


•P 


V 






•P 


V 


V 
a 




-P 


V 

.J 


V 


•p 


I 






^.<- 






:<<- 




x<. 


:<:<- 


X'- 






x<. 




1 


1 


< 

} 


< 

i 

o 
X 


Phoenix, AZ 


Tucson, AZ 


Fort Smith, AR 


Little Rock, AR 


< 
o 

-o' 

i 


1 

j_ 


Los Angeles Airport, CA 


s 

1 


San Francisco Airport, CA 


Santa Maria, CA 


Denver, CO 
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II 


65.7 
39.6 
1659 


63.5 
44.5 
1208 


71.3 
51. 1 
1345 


76.7 
55.1 
1365 


84.2 
69.7 
1639 


58.7 
39.7 
1215 


62.6 
42.5 
1302 


62.0 
42.2 
1165 


67.6 
45.1 
1502 


66.1 
46.2 
1216 


78.0 
57.0 
1379 


77.6 
58.3 
1365 


77.7 
58.7 
1437 


58.2 
38.9 
1120 


1 
f 


1 


38.7 
17.9 
731 


43.6 
27.3 
489 


54.1 
34.8 
674 


62.5 
39.4 
754 


81.4 
66.5 
1133 


35.0 
20.3 
402 


38.4 
23.0 
490 


39.2 
23.7 
417 


44.6 
24.2 
690 


45.4 

28.9 
488 


63.8 
42.3 
737 


64.0 
43.8 
706 






1 


51.0 
28.2 
918 


54.8 
36.4 
645 


62.6 
41.3 
883 


69.5 
45.5 
941 


83.9 
69.2 
1266 


48.2 
31.4 
566 


51.2 
32.9 
677 


50.8 
32.8 
579 


55.1 
33.5 
871 


55.5 
36.6 
653 




70.5 
48.9 
917 


70.1 
49.9 
973 


47.6 
31.4 
478 


t 


68.7 
41.1 
1345 


66.7 
45.9 
984 


11,9 
51.4 
1200 


77.8 
55.9 
1217 


86.7 
72,2 
1540 




67.5 
44.4 
1068 


66.1 
43.4 
977 


71.2 
46.9 
1250 


69.2 
46,2 
1042 


80.1 
56,3 
1301 


80.8 
57.7 
1381 


79.4 
59.0 
1335 


62.5 
41.2 
876 


i 

CO 


81.9 
52.2 
1834 


77.8 
58.0 
1318 


82.3 
63.6 
1422 


85.6 
67.6 
1364 


88.2 
72.9 
1810 


75.5 
53.9 
1354 


79.3 
55.8 
1454 


77.9 
55.3 
1324 


82.0 
59.2 
1616 


iii 


87.4 
68.3 
1464 


87,5 
68.9 
1485 


86.8 
70.1 
1514 


74.4 
52.2 
1253 


i 


90.3 
61.5 
2182 


84.1 
65.4 
1615 


87.6 
68.7 
1709 


90.1 
71.4 
1621 


88.3 
73.6 
1967 


82.1 
61.7 
1719 


84.7 
63.7 
1806 


83.7 
62.7 
1644 


91.5 
67.9 
2032 


iii 


90.8 
72.0 
1677 


90.8 
72.8 
1657 


90.2 
73.1 
1717 


81.5 
59.4 
1576 




94.0 
63.8 
2465 


85.6 
66.3 
1823 


87.9 
69.2 
1812 


90.8 
71.5 
1784 


87.1 
73.1 
2002 


83.3 
62.7 
1944 


m 


85.2 
64.9 
1806 


92.9 
69.8 
2239 


87.6 
67.5 
1838 


91.4 
72.8 
1746 


91.0 
73.5 
1788 


90.7 
73.5 
1814 


83.1 
60.7 
1835 


1 


87.9 
56.6 
2599 


81.2 
61.2 
1883 


85.6 
65.9 
1914 


88.6 
68.5 
1844 


86.2 
71.9 
2004 


79.4 
57.7 
2007 




82.3 
60.9 
1868 


87.4 
64.7 
2264 


84,0 
63.3 
1904 


90.6 
70.0 
1926 


89,4 
71.4 
1970 


89.5 
70.9 
2004 


79,0 
56.3 
1866 


1 


76.2 
48.0 
2380 


. 72.7 
51.7 
1710 


79.8 
58.7 
1854 


84.2 
62.3 
1852 


84.8 
70.2 
1949 


Iii 


74.6 
52.5 
1866 


73.4 
51.5 
1638 




76.2 
54.6 
1720 


85.2 
64.3 
1871 


84.1 
65.6 
1849 


84.5 
65.3 
1968 


69.4 
46.7 
1716 




65.2 
38.2 
1986 


63.0 
41.8 
1480 


73.2 
50.4 
1686 


77.8 
54.1 
1761 


82.7 
68.7 
1796 


III 


64.0 
42.6 
1515 


63,1 
41.7 
1398 


68.1 
44.5 
1783 


67,5 
45.6 
1467 


79.2 
57.5 
1681 


77.8 
58.9 
1570 




57.7 
36.9 
1399 


1 


54.1 
29.7 
1554 


50.9 
32.6 
1149 


63.2 
41.7 
1304 


iii 


81.4 
67,3 
1622 


44.3 
27.6 
1107 


48.9 
30.3 
1143 


49.3 
30.7 
1037 


55.8 
32.4 
1406 


54.9 
35.2 
1102 


71.6 
49.4 
1379 


70.5 
50.8 
1313 


51.6 
1415 


43.4 
26.5 
1000 


1 


44.5 
22.4 
1119 


41.8 
24.6 
827 




63.1 
40.0 
1044 


80.4 
65.3 
1396 


33.9 
18.1 
760 


38.0 
20.9 
861 


38.5 
21.1 
747 


46.1 
24.1 
1058 


45.0 
26.8 
789 


64.5 
42.7 
1054 


64.0 
44.5 
1010 


64.6 
44.8 
1112 






35.7 
15.2 
791 


39.2 
23.2 
571 


51.2 
32.6 
718 


60,3 
37.9 
795 


79.9 
65.3 
1180 


29.2 
13.6 
507 




SSI 


39.8 
19.4 
784 


40.8 
24.1 
546 


61.1 
40.5 
785 


60.8 
42.2 
728 


61.8 
43.0 
835 


30.6 
16.1 
417 


Property 


1 


■9 
















.J 








J. 




i 














<< 






55 


55 


55 




55 


Location 


Grand Junction, CO 


} 


Atlanta, GA 


Savannah, GA 


X 

1 


Chicago, IL 


Springield, IL 


\~ 


Wichita, KS 


Louisville, KY 


1 
1 


Lake Charles, LA 


New Orleans, LA 


Detroit, MI 
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Annual 
average 


(N irj 

r-' — 
sn m _ 


fs) rj o 

^ — 
*n m „ 


76.3 
52.9 
1409 


57.9 
35.4 
1325 


79.6 
52.8 
1864 


m On sn 
rsi »n 

so TJ- ^ 


m m o 

Cf oo 


55.8 
39.3 
1034 


61.0 
47.5 
1171 


58.5 
40.7 
1091 


V) OO m 

— 

so Tj- ^ 


od 2 5 

tn m ^ 


71.2 
48.6 
1461 


71.3 
49.2 
1373 


Monthly averages 


Dec. 


33.8 
20.7 
311 


26.7 
11.7 
353 


60.0 
37.1 
709 


36.0 
18.2 
421 


57.1 
33.6 
881 


42.3 
28.6 
454 


56.7 
28.2 
952 


35.0 
22.5 
283 


41.5 
30.8 
457 


vn sq CO 

m <N 


39.4 
24.7 
387 


35.5 
20.6 
355 


50.7 
29.1 
725 


50.3 
29.3 
659 


Nov. 1 


46.0 
30.9 
446 


41.1 
25.3 
480 


67.5 
42.3 
902 


44.4 
25.5 
561 


66.0 
41.2 
1086 


54.0 
39.0 
596 


63.1 
35.0 
1131 


47.0 
33.6 
403 


52.9 
41.2 
593 


49.3 
34.3 
466 


m oo 

d <n £2 
m 


47.9 
30.6 
498 


59.9 
37.6 
901 


60.2 
38.1 
827 


Oc.. 


61.4 
40.4 
858 


59.7 
39.4 
860 


78.6 
51.4 
1271 


61.0 
37.5 
987 


81.5 
53.5 
1540 


66.0 
48.3 
951 


75.8 
47.5 
1527 


60.2 
42.7 
784 


64.5 
50.5 
951 


62.7 
43.6 
867 


65.0 
42.8 
945 


63.3 
40.1 
911 


74.3 
50,2 
1233 


74,9 
50.3 
1164 


Sept. 


oo rs 
r-- vn 1_J 


71.0 
50.2 
1255 


87.6 
65.1 
1509 


72.3 
46.5 
1470 


94.7 
65.6 
2037 


76.9 
59.4 
1273 


84.9 
59.6 
1913 


71.4 
52,7 
1152 


75.2 
61.2 
1280 


74,2 
54.0 
1240 


76.9 
54.6 
1282 


75.1 
51.2 
1276 


84.7 
61.9 
1554 


85.0 
62.5 
1473 


Aug. 1 


81.1 
58.1 
1676 


os m r-~ 
o d °S 
oo so ^ 


92.1 
70.2 
1781 


84.3 
56.2 
2022 


101.9 
73.9 
2355 


84.0 
67.0 
1565 


91.3 
67.0 
2242 


tN so ro 

r- <r» III 


m fN m 

<N0d» 
OO so X- 


m VI m 
d d 2^ 

OO so 


83.0 
61.7 
1641 


OO so 

" OO S 
00 


92.8 
69.4 
1950 


93.0 
70.3 
1865 


July 


o oo ^ 
r<-i 

oo to 2 


83.4 
62.7 
1970 


92.5 
71.3 
1909 


86.6 
58.0 
2384 


104.5 
75.9 
2588 


85.6 
67.9 
1760 


93.7 
69.0 
2441 


80.2 
61.2 
1776 


Os OS ^ 

fn od 


81,7 
61.4 
1828 


(N sn 

oo so 11; 


83.4 
60.2 
1849 


93.5 
70.6 
2128 


93.9 
72.4 
2031 


June 1 


O r~ 
r- <n 2; 


r- oo 

» «^ s 

»n 


90.5 
67.9 
2024 


76.3 
51.6 
2174 


so sq 00 
oo o6 t 

osso 


80.6 
62.4 
1795 


93.1 
64.8 
2610 


75.6 
56.4 
1804 


r- CN CN 
oo m g 
r-. so 22 


o CN m 

od S 
r- »n 22 


m O m 


79.9 
56.0 
1878 


87.6 
66.3 
2144 


87.9 
67.5 
2021 


May 


69.4 
45.5 
1755 


69.4 
47.6 
1737 


84.1 
60.8 
1941 


66.4 
43.3 
1913 


87.4 
59.0 
2646 


so o r- 
— g 
r- »n i£ 


85.0 
55.6 
2459 


65.9 
46.3 
1597 


69.7 
53.7 
1690 


68,5 
47.9 
1681 


72.6 
50.2 
1647 


70.5 
46.6 
1717 


79.0 
57.7 
1918 


79.7 
58.5 
1822 


Apr. 


56.9 
35.6 
1412 


56.0 
36.0 
1442 


77.3 
52.9 
1708 


55.9 
33.2 
1526 


77.2 
49.8. 
2319 


61.3 
42.9 
1449 


76.9 
46,8 
2218 


54.4 
36.3 
1315 


59.6 
44.2 
1457 


57.9 
38.3 
1350 


62.3 
40.5 
1353 


59.1 
36.5 
1384 


71.7 
48.6 
1725 


72.4 
49.5 
1603 


Mar. 1 


41.6 
24.5 
1014 


37.5 
20.8 
1104 


68.4 
44.2 
1369 


44.0 
23.6 
1190 


68.3 
42.3 
1824 


49.1 
33.3 
1109 


67.7 
37.9 
1807 


40.4 
25.6 
889 


47.3 
34.6 
1118 


44.8 
28.4 
922 


49.3 
30.6 
980 


44.6 
26.1 
997 


61.0 
37.1 
1400 


60.8 
37.7 
1306 


Feb. 1 


r- so oo 


26.4 
8.5 
764 


60.9 
37.2 
1026 


OS 00 


t- o 

<^ I2[ 
so m 2 


2 Ji§ 

Tj- (N *^ 


60.4 
31,4 
1373 


Tf »n so 


(N r*-) sn 
m CN ^ 


34.8 
19.9 
601 


38.1 
21.5 
677 


O VI o 


52.2 
29.4 
1055 


OS sn oo 


c 
a 
•— > 


29.0 
14.9 
370 


19.9 
2.4 
464 


Os ^ 
«n m 


Os 00 so 

o; - » 

cs — ^ 


O O oo 

^ S; 

W1 f*l ^ 


(N (N CN 
rO (N ^ 


55.4 
27.4 
1047 


O O OS 


37.4 
26.1 
548 


sn sn CO 


Tt OS 


VI sn 


46.6 
25.2 
801 


so OO CN 
Tl- CM 


Property | 


Units 


-p 


1 

0 o OS 


V 

fN 

c: 

m 


•y 
1 

o 0 CQ 


•p 
1 

o o CD 


•P 


■p 
1 

u. u- i; 

o 0 CQ 


fN 

^ ^ m 


■P 

(N 

^ ^ m 


0* m 


•P 
U. £ 

o o W 


■p 

CN 

1 

^ m 


■p 

<N 

^ ^ m 

o o W 


■P 

o o PQ 


Symbol | 


X z 




.^:<- 


X z 




X 2 


f- 1- - 


X Z 
< < 


X 2 
< < 
t- H - 


X 2 


5 5 

H H 




X 2 


X 2 


Location 


Grand Rapids. Ml 


Minneapolis-St. Paul. MN 


Jackson. MS 


Billings, MT 


Las Vegas, NV 


Newark, NJ 


Roswell. NM 


Buffalo. NY 


New York, NY 
(LaGuardia Airport) 


Cleveland, OH 


Columbus, OH 


Toledo, OH 


Oklahoma City, OK 


Tulsa, OK 
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58.1 
43.1 
1000 


62.0 
44.0 
1067 


63.4 
45.1 
1169 


59.9 
40.7 
1069 


59.3 
41.2 
1112 


75.3 
51.2 
1380 


56.7 
33.9 
1290 


71.6 
51.9 
1366 


70.7 
43.8 
1659 


81.6 
62.5 
1521 


76.9 
55.0 
1468 


79.1 
57.4 
1351 


77.0 
49.9 
1802 


64.0 
39.3 
1603 


f 
1 


i 


48.8 
37.3 
261 


46.4 
35.4 
260 


43.0 
28.0 
470 


38.4 
24.3 
347 


40.5 
24.1 
419 


58.8 
34.7 
722 


29.3 
10.1 
441 


52.3 
34.3 
629 


51.8 
24.8 
872 


69.3 
48.8 
845 


58.1 
37.4 
780 


65.2 
42.7 
730 


59.7 
32.2 
1000 


38.9 
21.6 
570 


1 


53.5 
39.7 
387 


52.3 
38.6 
388 


54.5 
37.1 
619 


49.8 
33.3 
505 


51.9 
34.8 
538 


67.1 
40.6 
921 


43,7 
22.3 
608 


61.4 
41.1 
817 


58.7 
32.1 
1033 


75.1 
54.9 
1043 


66.2 
44.9 
936 


71.6 
48.6 
924. 


65.5 
39.0 
1176 


50.2 
29.2 
788 


Oct. 


61.4 
44.3 
713 


63.9 
44.6 
724 


66.5 
46.5 
959 


62.9 
42.1 
895 


63.2 
43.1 
907 


76,5 
50.3 
1211 


62.1 
36.7 
1005 


74.5 
51.3 
1205 


72.7 
45.5 
1404 


83.9 
64.1 
1416 


79.5 
56.3 
1276 


81.9 
57.5 
1276 


77.7 
51.1 
1522 


66.7 
39.3 
1293 


i 


67.8 
49.2 
1183 


74.2 
51.1 
1217 


77.8 
58.6 
1281 


74-8 
53.3 
1209 


73.1 
53.8 
1209 


85.5 
63.9 
1439 


73.5 
48.5 
1410 


84.3 
64.1 
1471 


82.4 
56.9 
1761 


90.1 
72.8 
1687 


89.7 
67.5 
1587 


88.7 
68,1 
1471 


86.4 
61,9 
1844 


80.0 
50.0 
1843 


Aug. 1 


68.6 
52.6 
1499 


78.6 
55.8 
1674 


84.6 
66.0 
1575 


81.1 
60.1 
1510 


80.3 
61.9 
1499 


91.0 
69.4 
1703 


83,9 
59.7 
1845 


90.3 
70.8 
1824 


89.6 
64.5 
2103 


94.1 
75.8 
1991 


97.3 
73.7 
1950 


93.1 
72.1 
1686 


93.1 
68.0 
2210 


90.0 
59.7 - 
2254 


t 


67.9 

52:2 

1746 


79.5 
55.8 
2037 


86.1 
66.8 
1758 


82.7 
61.3 
1689 


81.7 
63.3 
1695 


91.9 
70.1 
1842 


86.2 
61,8 
2150 


91.5 
72.6 
1972 


91.4 
66.2 
2281 


94.2 
75.6 
2186 


97.8 
74.7 
2122 


93.6 
72.5 
1828 




93.2 
61.8 
2590 


1 


63.9 
49.2 
1626 


72.7 
52.2 
1773 


81.7 
61.5 
1811 


79.1 
57.1 
1762 


76.6 
57.0 
1776 


89.2 
66.1 
1947 


80.3 
56.3 
2100 


88.4 
68.9 
2045 


88.2 
61.5 
2393 


91.2 
74.1 
2094 


93.2 
70.8 
2135 


90.9 
70.2 
1898 


93.0 
66.6 
2562 


83.3 
53.3 
2561 


1 


60.2 
44.1 
1608 


66.9 
46.4 
1663 


73.0 
52.5 
1660 


OO W1 (N 

O od S 
r- TT S 


67.6 
47.6 
1655 


83,8 
59.1 
1895 




81.0 
60.9 
1885 


79.1 
51.9 
2212 




m 


85.1 
64.7 
1775 


m 


72.4 
45.2 
2362 


1 


55.5 
39.7 
1253 


ill 


63.2 
42.6 
1434 


60.7 
39.4 
1317 


57.5 
38.3 
1374 


77.0 
50.5 
1747 


58,1 
34.6 
1543 


72.9 
52.2 
1639 


71.0 
42.0 
2019 


82.1 
63.9 
1642 


76.8 
55.0 
1627 


79,0 
58.3 
1522 


78.8 
49.4 
2192 


61.1 
37.2 
1894 


I 


51.9 
36.9 
866 


54.5 
37.4 
895 


50.5 
33.1 
1108 


47.6 
29.4 
943 


45.5 
29.2 
1032 


67,1 
41.9 
1355 


40,1 
20.6 
1152 


61.4 
41.9 
1278 


60.8 
32.0 
1631 


76.1 
55.7 
1430 


67.2 
44.9 
1422 


72.1 
49.8 
1297 


iii 


51.5 
29,9 
1454 


1 


50.6 
37.1 
545 


50.4 
36.0 
554 


41.1 
25.0 
795 


36.8 
20.7 
625 


37.7 
20.9 
739 


59.5 
34.6 
1021 


29.3 
8.9 
802 


53.0 
34.1 
945 


53.1 
26.1 
1244 


69.9 
48.7 
1147 


59.1 
37.8 
1071 


65.7 
43.2 
1034 


62.1 
33.3 
1383 


43.7 
24.4 

989 


1 


46.8 
35.4 
315 


44.3 
33.5 
310 


38.6 
23.8 
555 


34.1 
19.2 
424 


36.4 
20,0 
506 


56.2 
33.2 
762 


22.9 
1.9 
533 


SIS 


49.1 
21.7 
960 


66.5 
46.1 
898 


54.0 
33.9 
822 


2 IS 


57.6 
29.7 
1081 


37.4 
19.7 
639 


Property 


i 


J 


V 


V 




V 

cs 




i 


V 


rs 




J 




V 

<t: 


V 


Symbol 


X 2 






X z 

< < 




.^:< 


X 2 


.^:< 












X Z 


i 


Astoria, OR 


Portland, OR 


< 

L 


< 

i 


Providence, RI 


u 

j 


Sioux Falls, SD 


Memphis, TN 


Amarillo, TX 


Corpus Christi, TX 


Dallas, TX 


I 


Midland-Odessa, TX 


Salt Uke City, UT 
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11 


68.8 
46.5 
1248 


58.9 
43.9 
1053 


65.5 
44.0 
1123 


65.3 
45.0 
1176 


58,3 
33.1 
1491 






50.2 
29.6 
567 


45.6 
36.3 
211 




45.2 
28.5 
467 


40.4 
18,2 
671 


1 


60.5 
37.3 
733 


50.3 
39.3 
337 




55.2 
35.9 
638 


46.5 
23.1 
823 




70.5 
46.7 
1033 


59.5 
45.3 
656 


67.7 
44.0 
972 


67.6 
44.9 
1004 


61.0 
34.0 
1242 


i 


81.0 
59.3 
1348 


68.7 
51.2 
U48 


78,7 
56.4 
1272 




72.1 
43.7 
1667 


1 


87.1 
66.4 
1601 


73.9 
54.3 
1616 


84.2 
63.1 
1514 


ill 


80.8 
52.8 
1966 


1 


88.4 
67.2 
1774 




85.2 
63,8 
1683 




83.1 
54.6 
2230 


1 


84.8 
62.2 
1872 




82.5 
59.4 
1776 


82.6 
60.7 
1844 


75.4- 
48.5 
2258 


1 


77.9 
54.2 
1762 


64,0 
46.0 
1714 


76.0 
51.8 
1639 


75.7 
52.8 
1710 


64.6 
39.7 
1995 


1 


70.6 
45.1 
1566 


56.8 
40.5 
1294 


67.3 
43.3 
1356 


67.2 
44.4 
1448 


54.0 
29.6 
1771 


1 


58.5 
35.8 
1210 




55.4 
34.1 
1010 


55.2 
35.0 
1067 


43.6 
20.6 
1433 


1 


49.6 
28.1 
877 


m 


45,4 
25.8 
707 


45.0 
26.6 
757 


40.7 
17.9 
1068 




46.7 
26.5 
632 


m 




41,1 
24.5 
526 


37,3 
14.8 
766 


1 


1 


V 




1 


rs 


V 

1 


i 












1 


< 
> 

! 


Seattle, WA 
(Sea-Tac Airport) 


II Charleston, WV 


! 


>- 

1 



TABLE 3-8. RIM-SEAL LOSS FACTORS, Kj^, Kr^ and n, 
FOR FLOATING ROOF TANKS^ 



Tank construction and 
rim-seal system 


Average-fitting seals 


[Ib-mole/ft-yr] 


[lb-mole/(mph)"-ft-yr] 


n 

(dimensionless) 


■■■■■■ .■■■^■^".''■"V- ' ;■' " ■ ' 




- '-.,,-^;r,.:-.. -.V;l -y 




Mechanical-shoe seal 








Primary only 


5.8 


0.3 


2.1 


Shoe-mounted secondary 


1 .u 




1 .u 


Rim-mounted secondary 


0.6 


0.4 


1.0 


Liquid-mounted seal 








Primary only 


1.6 


0.3 


1.5 


Weather shield 


0.7 


0.3 


1.2 


Rim-mounted secondary 


0.3 


0.6 


0.3 


Vapor-moimted seal 








Primary only 


6.7= 


0.2 


3.0 


Weather shield 


3.3 


0.1 


3.0 


Rim-mounted secondary 


2.2 


0.003 


4.3 


£, jf '£1 ■■: ^^f ..^ ■ ; j ^ -'^t . 








Mechanical-shoe seal 
Primary only 
Shoe-mounted secondary 
Rim-mounted secondary 


10.8 
9.2 
1.1 


0.4 
0.2 
0.3 


2.0 
1.9 
1.5 



^Reference 11. 

^If no specific information is available, a welded tank with an average-fitting mechanical-shoe primary 
seal can be used to represent the most common or typical construction and rim-seal system in use for 
external and domed external floating roof tanks. 

^If no specific information is available, this value can be assimied to represent the most common or 
typical rim-seal system currently in use for internal floating roof tanks. 
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TABLE 3-9. AVERAGE ANNUAL WIND SPEED (v) FOR 
FOR SELECTED U.S. LOCATIONS^ 



Wind Speed Wind Speed Wind Speed 

Location (mph) Location (mph) Location (mph) 



Alahama 




California Tcontinued^ 




Florida (continued) 




Rirmincyliam 
uiiiiiiiigiiaiii 


7.2 


Fureka 

Ul w JVC* 


6.8 


Miami 


9.3 


Miint^villp 


8.2 


Fresno 


6.3 


Orlando 


8.5 




y.xj 


T ntip Reach 


6.4 


Pensacola 


8.4 


rt n t o ri m f*rv 


6 ft 


T n*: Anpeles (^Citv^ 


6.2 


Tallahassee 


6.3 






T.os Anpeles International 




Tampa 


8,4 






Aimort 


7.5 


West Palm Beach 


9.6 






Mmint Shasta 


5.1 






Anf hnrapp 


6.9 


Oakland 


8.2 






Annfttf* 


10.6 


Red Bluff 


8.6 


Georgia 




Rairnw 


11.8 


Sacramento 


7.9 


Athens 


7.4 


Rarter T^iland 


13.2 


San Diepo 


6.9 


Atlanta 


9.1 


Bethel 


12.8 


San Francisco (City) 


8.7 


Augusta 


6.5 


Battles 


6.7 


San Francisco 




Columbus 


6.7 


Big Delta 


8.2 


Airport 


10.6 


Macon 


7.6 


Pnlri Rav 


17.0 


Santa Maria 


7.0 


Savannah 


7.9 


PairhnnlfQ 

17 all UdllA.O 


5.4 


Stockton 


7.5 






Gulkana 


6.8 












7.6 






Hawaii 




Tiinpaii 

J UII&CLU 


8.3 


Colorado 




Hilo 


7.2 


ICinc Salmnn 

IVlll^ Oullllwll 


10.8 


Colorado Snrinps 


10.1 


Honolulu 


11.4 


Kodiak 


10.8 


Denver 


8.7 


Kahului 


12.8 


Kotzebue 


13.0 


Grand Junction 


8.1 


Lihue 


12.2 


McGrath 


5.1 


Pueblo 


8.7 






Mrtmp 

INUlllC 


10.7 










Paul T<iland 


17.7 






Idaho 




Talkeetna 


4.8 


Connecticut 




Bosie 


8.8 


Valdez 


6.0 


Bridgeport 


12.0 


Pocatelo 


10.2 


Yakutat 


7.4 


Hartford 


8.5 














Illinois 




Arizona 




Delaware 




Cairo 


8.5 


Flagstaff 


6.8 


Wilmington 


9.1 


Chicago 


10.3 


Phoenix 


6.3 






Moline 


10.0 


Tucson 


8.3 






Peoria 


10.0 


Winslow 


8.9 


District of Columbia 




Rockford 


10.0 


Yuma 


7.8 


Dulles Airport 


7.4 


Springfield 


11.2 






National Airport 


9.4 






Arkansas 








Indiana 




Fort Smith 


7.6 


Florida 




Evansville 


8.1 


Little Rock 


7.8 


Apalachicola 


7.8 


Fort Wayne 


10.0 






Daytona Beach 


8.7 


Indianapolis 


9.6 


California 




Fort Myers 


8.1 


South Bend 


10.3 


Bakersfield 


6.4 


Jacksonville 


8.0 






Blue Canyon 


6.8 


Key West 


11.2 
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TABLE 3-9. (Continued) 



Wind Speed Wind Speed Wind Speed 

Location (mph) Location (mph) Location (mph) 



Iowa 




Michigan (continued) 




Nebraska (continued) 




Des Moines 


10.9 


Flint 


10.2 


Omaha 


10.6 


Sioux City 


11.0 


Grand Rapids 


9.8 


Scotts Bluff 


10.6 


Waterloo 


10-7 


Houghton Lake 


8.9 


Valentine 


9.7 






Lansing 


10,0 










Muskegon 


10-7 






Kansas 




Sault Sainte Marie 


9.3 


Nevada 




Concordia 


12.3 






Elko 


6,0 


Dodge City 


14.0 






Ely 


10.3 


Goodland 


12.6 


Minnesota 




Las Vegas 


9.3 


Topeka 


10.0 


Duluth 


11.1 


Reno 


6.6 


Wichita 


12.3 


International Falls 


8.9 


Winnemucca 


8.0 






Minneapolis-Saint Pau6 


10.5 










Rochester 


13.1 






Kentucky 




Saint Cloud 


8.0 


New Hampshire 




Cincinnati Airport 


9.1 






Concord 


6.7 


Jackson 


7.2 






Mount Washington 


35.3 


Lexington 


9-3 


Mississippi 








Louisville 


8.4 


Jackson 


7.4 










Meridian 


6.1 


New Jersey 












Atlantic City 


10.1 


Louisiana 








Newark 


10.2 


Baton Rouge 


7.6 


Missouri 








Lake Charles 


8.7 


Columbia 


9.9 






New Orleans 


8.2 


Kansas City (City) 


10.8 


New Mexico 




Shreveport 


8.4 


Kansas City Airport 


10.7 


Albuquerque 


9.1 






Saint Louis 


9.7 


Roswell 


8.6 






Springfield 


10.7 






Maine 












Caribou 


11.2 






New York 




Portland 


8.8 


Montana 




Albany 


8.9 






Billings 


11.2 


Binghamton 


10.3 






Glasgow 


10.8 


Buffalo 


12.0 


Maryland 




Great Falls 


12.8 


New York (Central Park) 


9.4 


Baltimore 


9.2 


Havre 


9.9 


New York (JFK Airport) 


12.0 






Helena 


7.8 


New York (La Guardia 








Kalispell 


6.6 


Airport) 


12.2 


Massachusetts 




Miles City 


10.2 


Rochester 


9.7 


Blue Hill Observatory 


15.4 


Missoula 


6.1 


Syracuse 


9,5 


Boston 


12.5 










Worcester 


10.1 














Nebraska 




North Carolina 








Grand Island 


11.9 


Asheville 


7.6 


Michigan 




Lincoln 


10.4 


Cape Hatteras 


11.1 


Alpena 


8.1 


Norfolk 


11.7 


Charlotte 


7.5 


Detroit 


10.4 


North Platte 


10.2 
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TABLE 3-9. (Continued) 



Wind Speed Wind Speed Wind Speed 





(mph) 




(mph) 


Location 


(mph) 


North Carolina (continued) 




Puerto Rico 




Texas (continued) 




Greensboro- 




San Juan 


8,4 


Victoria 


10.1 


High Point 


7.5 






Waco 


11.3 


Raleigh 


7.8 


Rhode Island 




Wichita Falls 


11.7 


Wilmington 


8.8 


Providence 


10.6 














Utah 




North Dakota 




South Carolina 




Salt Lake City 


8.9 


Bismark 


10.2 


Charleston 


8.6 




Fargo 


12.3 


Columbia 


6,9 


Vermont 




Williston 


10.1 


Greenville-Spartanburg 


6.9 


Burlington 


8.9 


Ohio 




South Dakota 




Virginia 




Akron 


9,8 


Aberdeen 


11.2 


Lynchburg 


7.7 


Cleveland 


10.6 


Huron 


11-5 


Norfolk 


10.7 


Columbus 


8.5 


Rapid City 


11,3 


Richmond 


7.7 


Dayton 


9.9 


Sioux Falls 


11,1 


Roanoke 


8.1 


Mansfield 


11.0 










Toledo 


9.4 


Tennessee 




Washington 




Youngstown 


9.9 


Bnstol-Johnston City 


5.5 


Olympia 


6.7 






Chattanooga 


6.1 


Quillayute 


6.1 


Oklahoma 




Knoxville 


7.0 


Seattle Int'I. 




Oklahoma City 


12.4 


Memphis 


8.9 


Airport 


9.0 


Tulsa 


10.3 


Nashville 


8.0 


Spokane 


8.9 






Oak Ridge 


4.4 


Walla Walla 


5.3 


Oregon 








Yakima 


7.1 


Astoria 


8.6 


Texas 








Eugene 


7.6 


Abilene 


12.0 


West Virginia 




Medford 


4.8 


Amarillo 


13.6 


Beckley 


9.1 


Pendleton 


9.0 


Austin 


9.2 


Charleston 


6.3 


Portland 


7.9 


Brownsville 


11.5 


Elkins 


6.2 


Salem 


7.1 


Corpus Christi 


12.0 


Huntington 


6.6 


Sexton Simunit 


11.8 


Dallas-Fort Worth 


10.8 










Del Rio 


9,9 


Wisconsin 




Pennsylvania 




El Paso 


8.9 


Green Bay 


10.0 


Allentown 


9.2 


Galveston 


1 1 A 

1 l.U 


La Crosse 


o o 

8.8 


Avoca 


8.3 


Houston 


7.9 


Madison 


9.9 


Erie 


11.3 


Lubbock 


12.4 


Milwaukee 


11.6 


Harrisburg 


7.6 


Midland-Odessa 


11.1 






Philadelphia 


9.1 


Port Arthur 


9.8 


Wyoming 




Pittsburgh IntU. Airport 


9.1 


San Angelo 


10.4 


Casper 


12.9 


Williamsport 


7.8 


San Antonio 


9.3 


Cheyenne 


13.0 










Lander 


6.8 










Sheridan 


8.0 



'Reference 8. 
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TABLE 3-10. AVERAGE CLINGAGE FACTORS, C 
(Barrels per 1,000 square feet)* 





Shell condition 




Light 


Dense 


Gimite 


Product stored 


rust 


rust 


lining 


Gasoline 


0.0015 


0.0075 


0.15 


Single-component stocks 


0.0015 


0.0075 


0.15 


Crude oil 


0.0060 


0.030 


0.60 



^Reference 10. 



Note: If no specific information is available, the values in this table can be assimied to represent the 
most conunon or typical condition of tanks currently in use. 



TABLE 3-11. TYPICAL NUMBER OF COLUMNS AS A FUNCTION OF TANK 
DIAMETER FOR INTERNAL FLOATING ROOF TANKS WITH COLUMN- 
SUPPORTED FIXED ROOFS* 





Typical number 


Tank diameter range D, (ft) 


of colimms, N(- 


0 < D < 85 


1 


85 < D < 100 


6 


100 < D < 120 


7 


120 < D < 135 


8 


135 <D ^ 150 


9 


150 <D < 170 


16 


170 < D ^ 190 


19 


190 < D < 220 


22 


220 < D < 235 


31 


235 < D < 270 


37 


270 < D ^ 275 


43 


275 < D ^ 290 


49 


290 < D < 330 


61 


330 < D < 360 


71 


360 < D < 400 


81 



^Reference 5. This table was derived from a survey of users and manufacturers. The actual 
niunber of columns in a particular tank may vary greatly with age, fixed roof style, loading 
specifications, and manufacturing prerogatives. Data in this table should not supersede 
information on actual tanks. 
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TABLE 3-12. DECK-FITTING LOSS FACTORS, 
Kp^, Kpb, AND m, AND TYPICAL NUMBER OF DECK FITTINGS, Nf^ 



Loss factors 



K 



Fitting type and construction details 



Fa 



■Fb 



(Ib-mole/yr) (lb-mole/(niph)'"-yr) (dimensionless) 



Typical number of 
fittings, Np 



Access hatch (24-inch diameter well) 
Bolted cover, gasketed 
Unbolted cover, ungasketed 
Unbolted cover, gasketed 

Fixed roof support column well** 
Round pipe, ungasketed sliding cover 
Round pipe, gasketed sliding cover 
Round pipe, flexible fabric sleeve seal 
Built-up column, ungasketed sliding cover 
Built-up column, gasketed sliding cover 

Unslotted guide-pole and well (8-inch 
diameter unslotted pole, 21 -inch 
diameter well) 
Ungasketed sliding cover** 
Gasketed sliding cover 
Ungasketed sliding cover w/pole sleeve 
Gasketed sliding cover w/pole wiper 
Gasketed sliding cover w/poIe sleeve 

Slotted guide-pole/sample well (8-inch 

diameter slotted pole, 21 -inch 

diameter well)^ 
Ungasketed or gasketed sliding cover 
Ungasketed or gasketed sliding cover, 
with float^ 

Gasketed sliding coyer, with pole wiper 
Gasketed sliding cover, with pole sleeve 
Gasketed sliding cover with pole sleeve 
and pole wiper 

Gasketed sliding cover, with float and 
pole wiper^ 

Gasketed sliding cover, with float, pole 
sleeve, and pole wiper^ 

Gauge-float well (automatic gauge) 
Unbolted cover, ungasketed 
Unbolted cover, gasketed 
Bolted cover, gasketed 

Gauge-hatch/sample port 
Weighted mechanical actuation, 

gasketed** 
Weighted mechanical actuation, 

ungasketed 
Slit fabric seal, 10% open area 

Vacuum breaker 
Weighted mechanical actuation, 
ungasketed 

Weighted mechanical actuation, gasketed** 



1.6 
36^ 
31 

31 

25 
10 

33 



31 
25 
25 
14 
8.6 



43 

31 
41 
11 

8.3 

21 

11 

14^ 
4.3 
2.8 



0.47 

2.3 
12^ 



7.8 



6.2^ 



0 

5.9 
5.2 



150 

13 
2.2 
3.7 

12 



270 

36 
48 
46 

4.4 

7.9 

9.9 

5.4 
17 
0 



0.02 



0.0 1 



1.2 



O** 
1.2 
1.3 



L4 

2.2 

2.1 

0.78 

0.81 



1-4 

2.0 
1.4 
L4 

1.6 

1.8 

0.89 

l,lt> 
0.38 
0 



0.97 



4.0 



0.94 



I 



(Table 3-11) 



Nvb. 
(Table 3-13)' 
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TABLE 3-12. (Continued) 



Loss factors 



Fitting type and construction details 



■Fa 



(Ib-moIe/yr) 



(lb-mole/(mph)'"-yr) 



(dimensionless) 



Typical number of 
fittings, Np 



Deck drain (3 -inch diameter) 
Open*' 
90% closed 



1.5 
1.8 



0,21 
0.14 



1.7 
1.1 



Nd 

(Table 3-13) 



Stub Drain (1-inch diameter)*' 

Deck leg (3-inch diameter) 
Adjustable, internal floating deck 
Adjustable, pontoon area - ungasketed 
Adjustable, pontoon area - gasketed 
Adjustable, pontoon area - sock 
Adjustable, center area - ungasketed 
Adjustable, center area - gasketed"^ 
Adjustable, center area - sock'" 
Adjustable, double-deck roofs 
Fixed 

Rim Vent" 
Weighted mechanical actuation, 
ungasketed 

Weighted mechanical actuation, gasketed 

Ladder well^ 
Sliding cover, ungasketed 
Sliding cover, gasketed 



1.2 



7.9*^ 

2.0 

1.3 

1.2 

0.82 

0.53 

0.49 

0.82 

0 



0.68 



0.71 



0.37 
0.08 
0.14 
0.53 
0.11 
0.16 
0.53 
0 



1.8 
O.IO 



0.9r 

0.65 

0.65 

0.14^ 

0.13 

0.14 

0.14 

0 



1.0 



1.0" 



Nd 

(Table 3-15) 

(Table 3-15) 
(Table 3-14) 



76*= 
56 



Note: The deck-fitting loss factors, Kp^, Kp^j, and m, may only be used for wind speeds below 15 miles per hour. 
^Reference 6, unless otherwise noted. 

^'If no specific information is available, this value can be assumed to represent the most common or typical roof fitting 

currently in use for external and domed external floating roof tanks. 
*^If no specific information is available, this value can be assumed to represent the most common or typical roof fitting 

currently in use for internal floating roof tanks. 
**Column wells and ladder wells are not typically used with self supported fixed roofs. 
References 13, 14, and 15. 

^A slotted guide-pole/sample well is an optional fitting and is not typically used. 

^Tests were conducted with floats positioned with the wiper at or 1 inch above the sliding cover. The user is cautioned 
against applying these factors to "short" float configurations, where the float wiper is below the sliding cover. 

**Tests were conducted with floats positioned with the float wiper at varying heights with respect to the sliding cover. 
However, since a pole sleeve is included in this configuration, the height of the flota within the slotted guidepole does not 
affect the emissions, since the function of the pole sleeve is to restrict the flow of vapor fi-om the vapor space below the 

, deck into the slotted guidepole. 

■"Nyb = 1 for internal floating roof tanks. 

^'Stub drains are not used on welded contact internal floating decks. 

'"These loss factors were developed using the results fi-om the pontoon area deck legs. 

"Rim vents are used only with mechanical shoe primary seals. 
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TABLE 3-13. EXTERNAL FLOATING ROOF TANKS: TYPICAL NUMBER OF 
VACUUM BREAKERS, N^^- ^ND DECK DRAINS, N^* 



Tank 
diameter 
D (feet)*" 


Number of vacuum breakers, N^^, 


Number of deck drains, N^ 


Pontoon roof 


Double-deck roof 


50 


1 


1 


1 


100 


1 
1 


1 


1 


150 . 


2 


2 


2 


200 


3 


2 


3 


250 


4 


3 


5 


300 


5 


3 


7 


350 


6 


4 


ND 


400 


7 


4 


ND 



Note: This table was derived jfrom a survey of users and manufacturers. The actual number of 

vacuum breakers may vary greatly depending on throughput and manufacturing prerogatives. 
The actual nimiber of deck drains may also vary greatly depending on the design rainfall and 
manufacturing prerogatives. For tanks more than 300 feet in diameter, actual tank data or the 
manufacturer's recommendations may be needed for the number of deck drains. This table 
should not supersede information based on actual tank data. 

^Reference 10. ND = no data. 

^If the actual diameter is between the diameters listed, the closest diameter listed should be 
used. If the actual diameter is midway between the diameters listed, the next larger 
diameter should be used. 
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TABLE 3-14. EXTERNAL FLOATING ROOF TANKS: TYPICAL NUMBER OF 

DECK LEGS, N^^ 





Pontoon roof 


Number of 


Tank 


Number of 




legs on 


diameter, D 


pontoon 


Number of 


double- 


(feet)** 


legs 


center legs 


deck roof 


30 


4 


2 


6 


40 


4 


4 


7 


50 


6 


6 


8 


60 


9 


7 


10 


70 


13 


9 


13 


80 


15 


10 


16 


90 


16 


12 


20 


100 


17 


16 


25 


110 


18 


20 


29 


120 


19 


24 


34 


130 


20 


28 


40 


140 


21 


33 


46 


150 


23 


38 


52 


160 


26 


42 


58 


170 


27 


49 


66 


180 


28 


56 


74 


190 


29 


62 


82 


200 


30 


69 


90 


210 


31 


77 


98 


220 


32 


83 


107 


230 


33 


92 


115 


240 


34 


101 


127 


250 


35 


109 


138 


260 


36 


118 


149 


270 


36 


128 


162 


280 


37 


138 


173 


290 


38 


148 


186 


300 


38 


156 


200 


310 


39 


168 


213 


320 


39 


179 


226 


330 


40 


190 


240 


340 


41 


202 


255 


350 


42 


213 


270 
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TABLE 3-14. (continued) 



Tank 
diameter, D 
(feet)^ 


Pontoon roof 


Number of 
legs on 
double- 
deck roof 


Number of 
pontoon 
legs 


Number of 
center legs 


360 


44 


226 


285 


370 


45 


238 


300 


380 


46 


252 


315 


390 


47 


266 


330 


400 


48 


281 


345 



Note: This table was derived from a siirvey of users and manufacturers. The actual number of roof 
legs may vary greatly depending on age, style of floating roof, loading specifications, and 
manufacturing prerogatives. This table should not supersede information based on actual tank 
data. 



^Reference 10. 

'If the actual diameter is between the diameters listed, the closest diameter listed should be 
used. If the actual diameter is midway between the diameters listed, the next larger 
diameter should be used. 
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TABLE 3-15. INTERNAL FLOATING ROOF TANKS: TYPICAL NUMBER 
OF DECK LEGS, N,, AND STUB DRAINS, N/ 



Deck fitting type 


Typical nxxmber of 
fittings, Np 


UC\^K ICg XJi ilcUl^Cl well 


D D^, 
(5+ — + ) 

10 600 


Stub drain (1-inch diameter)'' 


125 



^Reference 5. 

^D = tank diameter, ft 

*^Not used on welded contact internal floating roof decks. 



TABLE 3-16. DECK SEAM LENGTH FACTORS (Sj^) FOR TYPICAL DECK CONSTRUCTIONS 

FOR INTERNAL FLOATING ROOF TANKS^ 



Deck construction 


Typical deck seam length factor, 




Sd (ft/ft2) 


Continuous sheet construction^ 




5 ft wide 


0.20'= 


6 ft wide 


0.17 


7 ft wide 


0.14 


Panel construction^ 




5 X 7.5 ft rectangular 


0.33 


5 X 12 ft rectangular 


0.28 



^Reference 5. Deck seam loss applies to bolted internal floating decks only. 
^S^ = lAV, where W = sheet width (ft). 

''If no specific information is available, this value can be assumed to represent the most 
common bolted decks currently in use. 

*^Sd = (L+W)/LW, where W = panel width (ft) and L = panel length (ft). 
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TABLE 3-17. HENRY'S LAW CONSTANTS FOR 
SELECTED ORGANIC LIQUIDS (REFERENCE 17) 







M«nry< 


« LOM Constant, 


N • atv/oDi fraction 


NO 


fOKMUU 


HAM 


N a 25 c 


•AStO 


1 


C2H40 


ACCTALOEHYOC 


4.8730000 


CxpoffMntoi 


2 


C2N50M 


ACCTAMIOe 


0.0000986 


UNIFAC 


3 


C2H3N 


AceTonimiLf 


1.1076388 


VLI OotO 


4 


C8H0O 


ACCTOPfttMNf 


0.5089400 


Soii^Ufty OotO 


S 


C3II40 


AOKUIH 


4.5711400 


SoliAUIty Ooto 




csmsiio 


ACtYlAMDt 


0.0000145 


IMIfAC 


7 


C3II402 


AOiniC ACIO 


0.0223968 


VU Otto 


S 


C3N3M 


AOrrLOHtTKtU 


■ 5 .4484900 


Solium ty 0«to 


9 


C3HSa 


AUYL CHLQKtDC 


515.4180500 


Solubility Ooto 


10 


C6II7II 


AMILIHt 


0.0977600 


Solicit Ity Ooto 


11 


CTMNO 


0*AMISIOIIIt 


0.0092S99 


UNI f AC 


12 


C6II6 


BCN2CNC 


308.3400000 


CxporiMntoi 


13 


C71tSCL3 


BCN20TXtCHL0KIDt 


54,5177107 


UNIPAC 


U 


C7N7CL 


BCNZTl CHLOtlOt 


17. 7286793 


UMIPAC 


15 


C12M10 


lIPttNYL 


22 •6700000 


ExpoflMntoi 




C2II4CL20 


•ISCCHLORGMiTNYDKTHa 




Rooetlon nftli wotor; 


17 


CNttS 


MQMOHMM 


29.5600000 


Cxporloontal 


ia 




1«3-0U7A0ICMf 


3961 • 14M0QI9 


loiuDiiity voxo 


19 


C6N110il 


CAraOlACTAN 


0.0001619 


■ ■Mt>4^ 


20 


CS2 


CAKMa OlSULflOf 


1064.0711900 


Soiisfifty Doto 


21 


ca4 


CAIIKM - TtTftACNUMlOi 


1677.7900000 


Cxporlwitoi 


22 


C2ll3Ct02 


CtltOtOACCTIC ACID 


0.DD96Z72 


• ■it BAA 

UNIFAC 


23 


C8N7C10 


2«CNlOKOAC(TOPNCIKMf 


1.9719000 


SOllBlltty * EStlMtM 


24 


C6liSa 


CNlOtOtf NZM 


209.4900000 


Cxpof iMntol 


2S 


CNCtS 


CNLOti^OlM 


221.9900000 


ixpof f Mntol 


26 


C4llS€t 


CMLOtOPtM 


91.6999969 


1 Ml • BAA 

UNIFAC 


27 


cTnao 


M-OCSQL 


o.oawooo 


feiuDiiity ooto 


2t 




CXCSOtS/CttSrilC ACtOdSCMOKS 4 NIXTIMO) 






29 


C7llQa 


O-CtCSOL 


0.0911500 


Solubility Ooto 


30 


CTHOO 


P'CftCIQL 


0.0996000 


Solubility Doto 


31 


C9H12 


aMKf 


727.7800000 


^ *— 

CxporlOTntoi 


32 


C6H4CL2 


1 ,4-OICHLOKOMDraM 
DICMlOROCTNTt CTNCR 


176.1100000 


ExporiMntoi 


33 


C4WaCl20 


1.1990000 


soiUDiiity ooto 


yk 






t07 JJffiiinHti 

ITr .■■lAAWAg 


gitwA4— A(»a4 


35 


C4II1 11102 


DlfTHANOLAHlM 


0.0000001 


UNIFAC 


U 


CONIIN 


N«N*OINiTYUUIIU« 


0.7701322 


UNIFAC 


37 


04111004$ 


OlETim SULfATI 


0.3405000 


Solubility Ooto 


30 


C14II16II2 


DiNniiYiJtiaieiM 


0.1780100 


Solubfllty - CotlHtto4 


39 


C3N7M 


OIMITNYI POMMIIOf 


0.0098341 


VLI Ooto 


40 




ij'OtMnNTtirmiaiM 


0.0910756 


VU Ooto 


41 


C10II1004 


OMTNTl milAUTi 


0.0548542 


UNIFAC 


42 


C2II6S04 


0 wnm. suLMTf 


0.2226700 


Soli^lllty Ooto 


43 




2«4«0tMITtQmMi 


0.4756000 


Soli^lllty Ooto 


U 




2«4*01lltTMtOUni 


0.3996900 


Solubility Ooto 


45 




1 4*0101(ANf 


0.3079797 


Vl8 Ooto 


a 


ciSiaa 


l!2-0irMCilttllTDtA21« 


0.0135700 


Solubility - fotlMtoi. 


47 


C3IISCL0 


ItimOKONTMIV 


1.8590400 


Solubility Ooto 


40 


CSHOOS 


nmn AorruTt 


14.1169500 


Solubility Ooto 


49 


CSMIO 


CrVTLMIUUK 


437.8100008 


UporlMntol 


SO 


C2ii5a 


CTRYL CNUaiOf 


672.2300008 


txporlwntol 
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TABLE 3-17. (Continued) 



NO FOKMuu mm 



M«nry'« Lm Constant, N - «ti^Mi fraction 
H a 25 C tASIS 



51 C2H4U2 

52 C2H4CL2 

53 C2M02 

54 C2IM 

55 C2H4aa 
54 CM20 
57 CiHIOOZ 

56 C4M1002 

59 C8H1«)4 

60 C6Ml2a3 

61 C6Ml6aS 

62 CSH10a3 

63 CSHiaoS 

64 C6H1405 

65 C3KOa2 

66 C6H1202 

67 caMl002 

68 C5N1202 

69 cwiata 

70 C6H1408 

71 C8Nia04 

72 CSNISOS 

73 C6a6 

74 C4CU 

75 C2CU 

76 C6IIU 

77 cmaz 

78 C9N140 

79 C4H2aS 

80 CMO 

81 CH38a 

82 CH3a 

83 C2H3a3 

84 C4H80 

85 CM6H2 

86 C6H120 

87 C2H3ilO 

88 CSM802 

89 CSN120 

90 01202 

91 C15Hl0ll2a2 

92 C13H14ia 

93 CIOM 

94 C6K5iia8 

95 C6H5iiaS 

96 CSHTNOS 

97 C6H60 

98 C6H8il2 

99 C0CL2 
too C8H4ai 



ETHYUNC OtOtONIOf 
ETHYUM OlCMLGtlOf 
EYHYUM GLYCOt 
ETKYUNf OXIOf 
ETMYLIDENC DICN108108 
PORMlOENYDt 

ETHYUM aYOOL DINmiYt ETMEt 
EYHYUttI GLYCOt MMQCTHYL ETHC8 
DirrilYUIII GLTCOt NQNQ8THV1, CTKEil ACCTAT8 
ETHYLENE GLYCOL MONOfTllYL Eim ACETATE 
D1ETHYLEN8 GLYCOL NONOmiYL ETHEI 
ETHYUHE GLYCOL NONOMCTHYL rHER ACHATE* 
DIETHYLEI« GLYCOL NONOOUHL ETMU 
DIETHYLEW GLYCOL OtMfTMYL ETIU 
ETNYUNE aYCOL MMONETHYL ETIttt 
ETHYLENE AYCOL M OMOPWY L ITMt 
ETHYUHE GLYCOL MONO^HENYL ETHE8 
DIETHYLENC GLYCOL NONQNiTNYL ETHE8 
OIETHYLENt GLYCOL DICTMTL ETm 
ETHYUHE aYCOL NONOOUTYL STKU 
TRIETHYLEH8 aYCOL OINCTHVL ETHER 
ETHYLENE aYCOL NONOWTTL ETHE8 ACETATE 

HEXACNLORQOUTADIM 

HEXACHLORQSTHANf 

HEXAHi 

HY080BU1NON8 

tSOPNOMMl 

NAUIC ANHYDtlOl 

METHANOL 

METHYL IMNIDf 

METHYL CHLOtlOi 

METHYL CHLOROram 

METHYL ETHYL OTONi 

METHYL HY0RAZIN8 

METHYL ISOOUTYl HIUWl 

METHYL tSOaAMATf 

METHYL METHACRYLATI 

METHYL TERT*8UTTL ETHER 

METRYLEMi CNLOttOt 

MRTNVLENi OinCMVl OIISOCTANATE^ 

4.4-MnHYLnOIAMIL]N8 

NAmiTNALEMi 

HITROREHZM 

4*MITR0fHPWt 

2-NlTROMQMNi 

PHENOL 

P*niENYLEN»IAMIHi 



36.1100000 
65.3800000 
0.0001051 
13.2280793 
312.2300000 
0.0187000 
1.9471264 
0.0409170 
0.0358406 
0.0986300 
0.002679S 
0.1218685 
0.0012481 
0.0837496 
0.0405801 
0,0474169 
0.0037600 
0.0022577 
0.1 189224 
0.0292288 
0.0025951 
0.2746400 
94.4500000 
572.2300000 
463.8900000 
42667. 0100000 
0.0000800 
0.3682100 
0.0121691 
0.2885032 
381.0578800 
490.0000000 
966.6 700000 
7.2200000 
0.0248000 
21.6700000 



rHTHALlC AMHYDtieO 



7.8317700 
30.8401000 

164.4500000 
0.0026600M 
0.0284900 
26.8300000 
1.3300000 
0.0064600 
6.6 111800 
0.07 22000 
0.0007700 

780.0225300** 
0.0U1500 



Exp*rlMnt«l 
Exp^rlMitai 
VU Data 

VU OotO 
ExptrlMfitoi 



VU Data 
VU Data 
UNtPAC 

Solt^Ufty Data 

UNtPAC 

UNIPAC 

iMlPAG 

UHIFAC 

Corratacfcn 

UMIPAC 

SeliibUlty Data 

UMIPAC 

UNIPAC 

VU Data 

UNIPAC 

SoliMUty Date 
ExparlMntai 
ExpaHaantai 
Exparlaarttal 
ExparlMfital ' 
SoltMdty Data 
SolubUlty Data 
UNIPAC 
VU Data 
SolUbUlty Data 
Expariaantal 
Ejcpar1aanta& 
Expar<a«ital 
UNIPAC 
ExparlMntai 
Raactlon iritli aatar 
SoliMllty - Eatfaatai 
Solubility Data 
Exparlavital 
SolUblUty - EatfaataO 
SolubUfty Data 
Exparfavital 
Ej^arfaantal 
SelubUlty Data 
soiiAlllty Data 
ExparfaantaL 
SoluMdty Data 
Sel«^Uf ty Data 
SatiMllty Data 
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TABLE 3-17. (Continued) 



NO 


rOKMUU 


NAMC 


N a 29 c 


•A$18 


101 


C3H4a2 


KTA-MKPI0LACT0N8 


0.0063801 


iJMtrAC 


102 


C3H60 


PftOPIOIULDfNTOt 


3.3224900 


SotiibUfty Ooto 


103 


0311602 


MOTTUM OICNLOKlOf 


198.7100000 


fxp«r4atntol 


104 


C3il60 


MOrrUNI 0X108 


19.7742986 


VU Ooto 


109 


C6N4fl2 


QUINOMB 


0.0976800 


SoltAUity 0«to 


106 




STYtCNB 


1U.7199400 


SelubUlty Data 


107 


C2N2CL4 


1 • 1 . 2.2-TCTiAcm.aRarnuui8 


13.8900000 


fxparlMftol 


108 


C2a4 


TfTHACHLOmTNTUM 


983.3400000 


ixparlMicol 


109 


C7M 


TOUJM 


396.6700000 


Uporlavitoi 


110 


C7Hiail2 


2,4-TOluaf OtAMflC 


0.0000742^ 


UNSPAC 


111 


C9H6N202 


2,4-TOLUCill oiisoaAMm* 


0.0091900f* 


Solubility « IttlMtMd 


112 


C7M9II 


0-T0lUtDtH8 


0.1344600 


SelublUty Dot* 


113 


C6HSa3 


1 ,2,4«TtlCHl0898CM2fN8 


106.6700000 


Cxptrlwiui 


1U 


C2ll3a3 


1 , 1 »2*TttCNLa80eTNAN8 


45«7700000 


CjipiM*lMnt«l 


115 


C2HCL3 


TRICiaOtOTMYLM 


966*6700000 


UporlMitol 


116 


C6N3a30 


2,4«S-T«]CHL0BC»m0i 

mwrnrumm 


0.4841100 


Solubility 0«t4 


117 


C6M19II 


6.9428000 


Soli^illty 0«to 


118 


C8H18 


2«2,4-TiIMiTMnraiTAM8 


189491.3318600 


Solium ty Oato 


119 


C4H602 


Vimri ACHATi 


28.2111800 


SolUbllfty Data 


120 


C2H3a 


vtm cMUMioa 


1472.2300000 


CxparfMntal 


121 


C2K2a2 


VimiOCIIf CNL0il08 


1438.9000000 




122 




mms (tsQMou 4 nixturcs) 






123 


C8N10 




413.3400000 


txparlMRtai 


124 


camo 


O-XTteiM 


270.9600000 


fxparloantal 


129 


C8N10 


P*)CTUIi8 


413.3400000 


ExparlMntal 


Notmi 



1. * • EatlMtad valuaa for coaff1ef«Ata in vapor prtaauro aquation. 



2. • Roocta Mith uatar. 



3. ror baaia of UHIPAC, tho oatiaatien of tha activity coafficiant at infinlta dilution aakaa um of 
tha srm^ contribution contribution oathod uaino tha UitPAC aquationa (GHHlino, J., F. UmmMm onO 
iliflitf, Ind. fi^. Chaik frocoaa Oaa. Oav., 118 <1982|>, 



A. Pr 

4. Por baaia of Sol«Aility • fstiaatod, tha oatiaation of aatar aolubility aakao um of axpariMital 
data ^ich ia avaitaMo on rafaranea coi^otfidi that ara vary cloao in oolacular otruetura ta tha 
coapatf^ of intaraat. Tha adMtian of a aolacular froi^ (ar orau^l ta tha rafaranao cm piiwd than 
providM a aalaaular atrvrturo that ia idmticai to tha aalaauior atrwtura af tha caapaiMl af intaraat 
(loo S • loo 1^ 4 Air«^. 
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TABLE 3-18. CORRECTION OF HENRY'S LAW FACTOR FOR A TEMPERATURE 

DIFFERENT FROM STANDARD 



MW (Tj-Tj) H, T,/T2 
10^ T2 P*, 

where: 



Hi = 


Henry's Law Constant at standard temperature, atm-m''/mol 


H2 = 


the Henry's Law Constant at the actual temperatvire, atm-m /mol 


P*l = 


the compound vapor pressure at standard temperature, atm 


P*2 = 


the compound vapor pressxire at actual temperature, atm 


T,= 


the standard temperature, 298°K 


T2 = 


the actual temperature, °K 


MW = 


the average molecular weight of the liquid, g/mole 


10^ = 


the density of water, g/m^ 



Source: Lyman, Warren J., William Reahl, and David Rosenblatt. Handbook of Chemical 

Property Estimation Methods . McGraw-Hill Book Company, New York, New York, 
1982. Section 14, pp. 1-25. 

To convert from H in atm/vol fraction to: 

H in atm/ (mol/m^), divide by 55,556 
H in mmHg/mol fraction, multiply by 760 
H in psia/mol fraction, multiply by 19.7 
H in kPa/mol fraction, multiply by 101.325 
H in kPa/mol/m^), multiply by 101.325/55,556 
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A 5 



it 



tu 



Vapor pressure (psia) at || 


Lu 

0 

O 

o 


1.586 II 


4.892 II 


22.237 II 


1.740 II 


21.657 II 


17.113 II 


1.779 II 


2.456 II 


6.961 II 


3.055 11 


4.525 II 


1.721 II 


4.544 11 


13.342 11 


3.345 11 


..3" 


13.729 II 


1.334 11 


15.474 II 


9.572 II 


4.199 


2.610 II 


1.006 11 


4.022 II 


23.210 1 


o 

o 
o 


1.238 1 


3.906 1 


18.563 1 


1.392 1 


18.370 1 


14.503 1 


1.296 1 


1.934 1 


5.762 1 


2.398 1 


3.461 1 


1.315 1 


3.616 1 


10.329 1 


2.668 1 


1.064 


11,602 1 


1.006 1 


12.959 1 


8.044 1 


3.307 


2.030 1 


0.773 1 


3.113 


15.280 1 


o 

o 

oo 


0.967 1 


3.055 1 


15.392 1 


1.093 1 


15.334 1 


11.699 1 


0.928 1 


1.470 1 


4.699 1 


1,798 1 


2.610 1 


0.986 1 


2.862 1 


8.702 1 


2.069 1 


0.773 


9.417 1 


0.715 1 


10.445 1 


6.536 1 


2.610 


1.508 1 


0.580 1 


2.262 


11.799 i 


o 

O 


0.735 1 


2.436 1 


11.853 1 


0.812 1 


12.530 1 


9.668 1 


0.677 1 


1.160 1 


3,693 1 


1,354 1 


1.953 1 


0.735 1 


2.224 1 


6.787 1 


1.489 1 


0.541 


7.058 1 


0.503 1 


8.433 1 


5.250 1 


2,030 


1.180 I 


0.425 1 


1 1.721 


908*6 1 


u. 

o 

O 
VO 


0.541 1 


1.876 1 


9.514 1 


0.580 1 


10.005 1 


p^ 

vq 
r-^ 


0.483 1 


0.870 J 


2.746J 


1.025 1 


1.412 1 


0.541 1 


1.644 1 


5.434 1 


1.199 1 


0.348 


6.091 1 


0.348 1 


6,828 1 


4.157 1 


1.586 


0.889 1 


0.309 


1.296 


7.930 


o 

O 


0.406 1 


1.450 1 


7.831 1 


0.387 1 


7.889 I 


6.130 1 


0.3291 


0.657 1 


2.011 1 


0.773 1 


1.006 1 


0.4251 


1.160 1 


4.254 1 


0.928 J 


0.213 


4.738J 


0.251 1 


5.454 1 


3.191 1 


1.218 


0.677 1 


0.213 1 


986*0 1 


1 6.344 


tu 

o 

O 


0.290 


1.102 1 


6.284 1 


0.213 1 


15.878 1 


4,757 


0.213 


0.483 


1.489 


0,599 1 


0.735 1 


0.309 


0.909 1 


3.094 1 


0.715 1 


0.116 


3.674 1 


0.213 1 


4.293 1 


2.456 


0,909 


0.503 


0.174 


0.735 


4.990 


Liquid 
density at 
60°F (lb/gal) 


5.727 1 


5.527 1 


5.772 1 


5.794 1 


5.199 1 


5.707 1 


6.573 1 


6.738 1 


7.831 1 


7.996 1 


6.630 1 


6.441 1 


6.274 1 


11.122 1 


6.747 1 


7.909 


6.166 1 


9.538 1 


5.253 1 


1 6,030 1 


11.216 


12.272 1 


7.261 1 


1 7.817 1 


1 10.383 1 


Boiling 
point at 1 
atmosphere 
(°F) 


209.2 1 


155.7 1 


78.3 1 


210.6 1 


82.1 1 


93.5 1 


180.1 1 


194.5 1 


134.8 1 


.176.9 1 


148.4 1 


213.7 1 




104.2 1 


175.3 1 


212.0 


102.1 1 


214.2 1 


96.9 1 


119.7 


165.2 


188.6 


231.1 


162.5 


89.1 


Molecular 
weight 


100.20 1 


86.17 1 


27.03 1 


114.22 1 


72.15 1 


68.11 1 


60.09 1 


67,09 1 


74.08 1 


86.09 1 


32.04 1 


98.18 1 


84.16 1 


84.94 1 


72.10 1 


100.11 


74.12 1 


61.04 1 


72.15 1 


59.11 1 


133.42 


131.40 1 


92.13 1 


86.09 1 


96.5 1 


Formula 


c 
X 

u 

V 

X 

X 

CJ 


X 

u 

X 

CJ 
^ 
X 
CJ 


HCN 1 


r 

X 

CJ 

X 

CJ 

X 

CJ 

f 

X 

CJ 


X 

CJ 
o 
X 

u 

X 

CJ 
r 
c 

X 

CJ 


X 

CJ 

X 

X 

CJ 

CJ 

r 
X 

CJ 


X 

o 

X 

V 

X 

CJ 


U 
X 

u 

X 

CJ 


X 

CJ 

u 
o 
o 

f 
X 

CJ 


X 

CJ 

X 

u 

CJ 

o 
o 

f 
X 

CJ 


X 

o 

X 

CJ 


X 

< 

X 

U 


o 
X 

V 

CJ 
X 

u 


CJ 

X 

CJ 


V 

X 

r- 
tJ 
O 

u 

r- 
X 
CJ 


r 
X 

CJ 

f* 
X 

CJ 

u 

CJ 

o 
o 

r*- 

X 

u 


t- 
X 

r* 

CJ 

o 

r- 
X 

u 


r 
O 

c 
X 

U 


r- 
X 
CJ 

f* 

p^ 
X 
CJ 

X 

CJ 


p^ 
X 

z 

p- 
X 
r- 

CJ 


u 
u 

X 

CJ 


-T 

CJ 
CJ 

0 

X 

u 


V 

X 

< 

X 

u 


r* 

X 

CJ 
CJ 

o 
o 

X 

CJ 

'fv 

X 

u 


CJ 
CJ 

Pv 

X 

u 


Name 


u 
c 

eg 
O, 
u 
X 
c: 


w 
c 

cd 
X 


II Hydrogen cyanide j 


1 Isooctane j 


II Isopentane | 


II Isoprene | 


II Isopropyl alcohol | 


11 Methacrylonitrile j 


II Methyl acetate 


II Methyl acrylate 


II Methyl alcohol | 


II Methylcyclohexane { 


II Methylcyclopentane | 


II Methylene chloride | 


II Methyl ehtyl ketone 


11 Methyl 

11 methacrylate 


II Methyl propyl ether | 


||Nitromcthane | 


||/i-Pentane | 


||/i-Propylamine | 


III. 1.1' 

II Trichloroethane 


II Trichloroethylene 


II Toluene | 


II Vinyl acetate | 


|| Vinylidene chloride | 
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Annual 
average 


73.2 
51.1 
1345 


75.9 
53.9 
1388 


43.6 
29.5 
838 


85.1 
57.3 
1869 


81.7 
54.2 
1872 


72.5 
49.0 
1404 


72.9 
50.8 
1404 


77.7 
53.3 
1749 


74.2 
53.5 
1598 


70.1 
55.0 
1594 


73,4 
47.8 
1643 


64.9 
48.3 
1608 II 


68.3 
45.3 
1608 


64.3 
36.2 
1568 


1 
! 


Dec. 




59.8 
37.9 
719 


27.7 
15.8 
64 


66.4 
40.2 
932 


65.0 
39.0 
996 


52.1 
30.2 
682 


53.2 
33.2 
674 


57.6 
38.7 
677 


67.4 
44.7 
847 


66,1 
47.8 
849 


53.2 
37.9 
538 


56.3 
42.2 
642 


64.6 
38.3 
804 


46.1 
18.9 
732 


1 


63.7 
40.5 
858 


67.0 
43,0 
915 


34.9 
22.8 
175 


74.3 
46.9 
1151 


72.2 
45.2 
1208 


61.9 
37.7 
851 




67.4 
44.9 
942 


72.7 
49.6 
1004 


70.3 
52.1 
1004 


63.2 
42.8 
782 


62.7 
46.3 
821 


68.9 
42.1 
974 


52.4 
25.1 
884 


Oct. 1 


74.8 
50.4 
1211 


77.5 
53.1 
1262 


IP 


87.7 
59.1 
1577 


84.1 
56.7 
1602 


75.9 
49.0 
1201 


75.8 
50.4 
1228 


81.0 
54.9 
1458 


78.4 
56.6 
1326 


74.0 
58.5 
1317 


77.7 
50.0 
1315 


70.0 
51.2 
1226 


73.3 
47.6 
1353 


66.8 
36.9 
1301 


Sept. 1 


84.6 
63.6 
1455 


ill 


54.8 
39.7 
791 


98.2 
70.9 
2015 


93.5 
67.3 
1979 


85.7 
62.1 
1502 


85.6 
63.0 
1518 


90.8 
63.8 
1992 


82.5 
61.6 
1701 


76.4 
62.5 
1681 


87.6 
55.8 
1907 


73.4 
54.3 
1742 


74.2 
51.8 
1730 


77.5 
47.7 
1727 


1 


89.7 
69.1 
1724 


91.2 
71.1 
1746 


60.3 
45.2 
1189 


102.3 
77.5 
2293 


95.9 
72.0 
2183 


92.9 
68.9 
1877 


92.3 
69.6 
1861 


96.4 
68.5 
2421 


83.8 
64.0 
2100 


76.5 
64.0 
2080 


91.7 
57.6 
2368 


71.8 
54.2 
2117 


72.8 
53.2 
2106 


. 85.8 
. 57.0 
2044 


t 


ill 


91.5 
71.8 
1841 


60.5 
45.1 
1598 


105.0 
79.5 
2487 


98.5 
73.8 
2341 


93.6 
70.5 
2065 


92.7 
71.4 
2032 


98.8 
70.1 
2684 


m 


75.3 
62.6 
2308 


93.3 
57.9 
2688 


71.0 
53.3 
2392 


72.1 
52.4 
2341 


88.0 
58.7 
2273 


1 


87.9 
65.9 
1919 


89.8 
68.4 
1972 


56.3 
41.2 
1751 


102.3 
70.6 
2739 


98.5 
67.4 
2730. 




89.5 
67.5 
2107 


92.2 
64.3 
2749 


77.4 
58.9 
2140 


72.0 
59.1 
2119 


87.4 
55.1 
2684 


69.6 
52.0 
2377 




81.6 
52.4 
2351 


1 


81.6 
58.3 
1857 


83.6 
61.1 
1897 


49.8 
34.6 
. 1583 


92.4 
61.5 
2677 


88.8 
57.5 
2671 


m 


81.7 
59.2 
1929 


83.9 
57.2 
2509 


73.4 
55.2 
2065 


69.1 
55.7 
2060 


79.7 
50.1 
2435 


66.3 
49.3 
2226 


67.3 
46.2 
2141 


70.7 
43.6 
2135 


Apr. 1 


75.2 
50.4 
1674 


77.0 
53.3 
1729 


42.1 
28.1 
1248 


83.1 
53.0 
2355 


80.1 
49.7 
2363 


73.7 
49.1 
1616 


73.8 
50.9 
1611 


75.1 
50.1 
2095 


m 


66.7 
52.2 
1951 


71.0 
45.3 
2004 


63.0 
46.6 
1920 


65.6 
42.7 
1921 


61.0 
33.7 
1879 


1 


65.2 
42.1 
1296 


68.1 
45.5 
1341 


34.4 
19.3 
759 


74.5 
46.7 
I8I4 


71.8 
43.8 
1864 


62.5 
38.5 
1312 


63.2 
41.2 
1313 


68.6 
45.5 
1595 


68.0 
47.7 
1610 


65.1 
49.7 
1619 


64.1 
42.4 
1458 


60.6 
44.9 
1455 


63.9 
40.9 
1582 


51.2 
24.7 
1530 


i 


57.3 
35.2 
967 


m 


31.2 
17.4 
334 


69.7 
42.5 
1374 


67.4 
40.0 
1432 


53.8 
30.9 
999 


54.5 
33.6 
1003 


63.7 
42.6 
1102 


67.3 
45.9 
1215 


65.5 
48.6 
1214 


59.4 
41.2 
939 


59.0 
44.1 
1009 


64.2 
40.3 
114! 


46.9 
20.2 
1127 


1 


52.7 
33.0 
707 


57.0 
36.4 
752 


27.0 
14.4 
122 


65.2 
39.4 
1021 


64.1 
38.1 
1099 


48.4 
26.6 
744 


49.8 
29.9 
731 


57.4 
38.9 
766 


66.0 
44.3 
928 


64.6 
47.3 
926 


52.6 
37.9 
597 


55.5 
41.5 
708 




43.1 
15.9 
840 


Property | 


■1 


•P 


V 


•P 


. V 


V 




•P 


■P 


•P 

IN 


•P 


•P 

tN 


•P 


■p 

(N^ 


•P 

<N 


Symbol | 










X z 




A?- 






X 2 
< < 










II Location 


Birmingham, AL 


Montgomery, AL 


Homer. AK 


Phoenix, AZ 


Tucson, A2 


II Fort Smith, AR 


1 Little Rock, AR 


6 

I 


II Long Beach, CA 


II Los Angeles Airport, CA 


5 

1 


San Francisco Airport. CA 


Santa Maria, CA 


jj Denver, CO 
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lual 


age 


65.7 
39.6 
1659 


63.5 
44.5 
1208 


71.3 
51.1 
1345 


76.7 
55.1 
1365 


84.2 
69.7 
1639 


r- w-» 

00 ov' rj 

»n m ^ 


62.6 
42.5 
1302 


62.0 
42.2 
1165 


67.6 
45.1 
1502 


66.1 
46.2 
1216 


78.0 
57.0 
1379 


VO VI 
c- v% 2 


111 
58.7 
1437 


CM ov O 

od od 

v^ m _ 


Am 


aver 
































Dec. 1 


38,7 
17.9 
731 


VO m Ov 

f^; S 


54.1 
34.8 
674 


vn Tj- Tj- 

VO 


81.4 
66.5 
1133 


35.0 
20.3 
402 


o o 

od 5 
m ~ 


CN r-; r- 
Ov n 

m (N ^ 


VO CM O 
CM ^ 


■ 45.4 
28.9 
488 


oo m r- 
rn r4 C 

VO 


64.0 
43.8 
706 


64,4 
44.8 
779 


VO 

- 3; 

CM 




Nov. 1 


51.0 
28,2 
918 


54.8 
36.4 
645 


62.6 
41.3 
883 


69.5 
45.5 
941 


83.9 
69.2 
1266 


48.2 
31.4 
566 


51.2 
32.9 
677 


oo OO Ov 

O <N K 
VI 


55.1 
33.5 
871 i 


55.5 
36.6 
653 


70.1 
47.2 
920 


70.5 
48.9 
917 


70.1 
49.9 
973 


47.6 
31.4 
478 




Oct. 1 


— vn 


66.7 
45.9 
984 


72.9 
51.4 
1200 


77.8 
55,9 
1217 


86,7 
72.2 
1540 


64.1 

42,9 
969 


67.5 
44.4 
1068 


66.1 
43.4 
977 


71.2 
46.9 
1250 


69.2 
46,2 
1042 


80.1 
56.3 
1301 


80.8 
57.7 
1381 


79.4 
59,0 
1335 


62.5 
41.2 
876 




Sept. 1 


81.9 
52.2 
1834 


oo o oo 

^ °° 7^ 
r- »o 2 


82.3 
63.6 
1422 


85.6 
67.6 
1364 


88.2 
72.9 
1810 


75.5 
53.9 
1354 


79.3 
55.8 
1454 


77.9 
55.3 
1324 


82.0 
59.2 
1616 


80.6 
59.1 
1361 


87.4 
68.3 
1464 


87.5 
68.9 
1485 


86.8 
70.1 
1514 


52.2 
1253 




AugJ 


90.3 
61.5 
2182 


84.1 
65.4 
1615 


87.6 
68.7 
1709 


90.1 
71.4 
1621 


88.3 
73.6 
1967 


82.1 
61.7 
1719 


84.7 
63.7 
1806 


83.7 
62.7 
1644 


91.5 
67.9 
2032 


86.7 
66.1 
1680 


90.8 
72.0 
1677 


90.8 
72.8 
1657 


90.2 
73.1 
1717 


81.5 
59.4 
1576 


ivcrages 


July 1 


94.0 
63.8 
2465 


85.6 
66.3 
1823 


87.9 
69.2 
1812 


90,8 
71.5 
1784 


87.1 
73.1 
2002 


83.3 
62.7 
1944 


87.1 
65.9 
2058 


85.2 
64.9 
1806 


92,9 
69.8 
2239 


87.6 
67.5 
1838 


91.4 
72.8 
1746 


91.0 
73.5 
1788 


90.7 
73.5 
1814 


83.1 
60.7 
1835 


Monthly i 


June 1 


ON VO 0\ 

t-: vd 5; 


CN CN m 

^* ^ oo 

oo VO 22 


VO Ov TT 
tri VO 
oo VO 2 


88.6 
68.5 
1844 


86.2 
71.9 
2004 


79.4 
57.7 
2007 


84.1 
62.0 
2097 


^1 S 1 

oo VO 22 


87.4 
64.7 
2264 


84.0 
63.3 
1904 


90.6 
70.0 
1926 


89.4 
71.4 
1970 


89.5 
70.9 
2004 


O m VO 
r- v> 22 




May 1 


76.2 
48.0 
2380 


r- r- o 


oo ^ 
a; 00^ 
r- 22 


84.2 
62.3 
1852 


. 84.8 
70.2 
1949 


70.0 
48.1 
1789 


sO vn vo 

'^r rig 
,r> *n 22 


Tj- ir> oo 

r- v^ S 


77.1 
54.6 
2036 


76.2 
54.6 
1720 


85.2 
64.3 
1871 


84.1 
65.6 
1849 


v> m oo 
oo VO 21 


r- VO 
ON vd r; 

so TT ^ 




Apr. 1 


<S CM VO 
OO » 

VO m 21 


63.0 
41.8 
1480 


73.2 
50.4 
1686 


77.8 
54.1 
1761 


r- VO 
tN oo 2; 


oo oo On 
od od ^ 
v% m E 


64.0 
42.6 
1515 


63.1 
41.7 
1398 


68.1 
44.5 
1783 


67.5 
45.6 
1467 


79.2 
57.5 
1681 


77.8 
58.9 
1570 


VO oo O 
00 od 22 
r- vi ^ 


P- ON Ov 
« ^ 

v^ m 




Mar. 


54.1 
29.7 
1554 


CTv VO Ov 

d r4 H 
1/1 m . 


63.2 
41.7 
1304 


69.9 
46.8 
1399 


81.4 
67.3 
1622 


44.3 
27.6 
1107 


2 2 § 

Tf r-i „ 


m p-> 

o; d g 

^ 2 


55.8 
32.4 
1406 


Ov CM CM 
2 

v^ m ^ 


71.6 
49.4 
1379 


v> oo m 
o d ^ 

t- Vi 2 


CM vq VI 
Cn ^ 


43.4 
26.5 1 
1000 




Feb. 1 


44.5 
22.4 
1119 


oo VO r- 

a 


m »n Ov 
Vi m ^ 


63.1 
40.0 
1044 


80.4 
65.3 
1396 


33.9 
18.1 
760 


38.0 
20.9 
861 


38.5 
21.1 
747 


46.1 
24.1 
1058 


O oo ON 

vi vd £2 

Tl- CM 


64.5 
42.7 
1054 


O Vk © 


64.6 
44.8 
1112 


O O 




Jan. 1 


35.7 
15.2 
791 


39.2 
23.2 
571 


51.2 
32.6 
718 


60.3 
37.9 
795 


79.9 
65,3 
1180 


29.2 
13.6 
507 


oo m VI 


34.2 
17.8 
496 


39.8 
19.4 
784 


40.8 
24.1 
546 


61.1 
40.5 
785 


60.8 
42.2 
728 


61.8 
43.0 
835 


30.6 
16.1 
417 


tperty 1 


Units 1 


1 

o o Qu 


-P 

^ ^ m 


-P 
1 


■P 

1 

0 o Pj 


•P 

CN 

1 


-P 
1 

o o PQ 


. V 

1 


•P 

1 

0 0 CQ 


-P 

CM 

1 

^ ^ m 

o 0 Qu 


•P 

U* SL 


V 


•P 

1 

^ ^ m 
o 0 CQ 


V 

1 

£ 

o o OQ 


•P 

o o CH 




Symbol | 




< < 
(- H - 


X 2 


X 2 
< < 












X 2 




H H « 




X 2 
< < 


Location 


Grand Junction, CO 


Wilmington, DE 


Atlanta, GA 


Savannah, GA 


Honolulu, HI 


Chicago, IL 


Springield. IL 


Indianapolis, IN 


Wichita, KS 


Louisville, KY 


Baton Rouge, LA 


Lake Charles, LA 


New Orleans, LA 


Detroit, MI 



3-38 



!f 


57.2 
37.7 
1135 


54.2 
35.2 
1170 


76.3 
52.9 
1409 


57.9 
35.4 
1325 


79.6 
52.8 
1864 


62.5 
45,9 
1165 


75.3 
47.5 
1810 


55.8 
39,3 
1034 


61.0 
47.5 
1171 


58.5 
40.7 
1091 


61,5 
41.8 
1123 


58.8 
38.3 
1133 


71.2 
48.6 
1461 


71.3 
49.2 
1373 


Monthly averages | 


1 


33.8 
20.7 
311 


26.7 
11.7 
353 


60.0 
37,1 
709 


36.0 
18.2 
421 




42.3 
28.6 
454 


56.7 ! 
28,2 i 
952 : 


35.0 
22.5 
283 1 


41.5 1 

30.8 

457 


. 37.5 
24.6 
318 


39,4 
24.7 
387 


35.5 
20,6 
355 


50.7 
29,1 
725 


50.3 
29.3 
659 


1 


III 


41.1 

25-3 
480 


67.5 
42.3 
902 


44.4 
25.5 
561 


66.0 
41.2 
1086 


54.0 
39.0 
596 


63.1 
35.0 
1131 


47.0 
33,6 
403 


52.9 
41.2 
593 


49.3 
34.3 
466 


50.7 
33,5 
538 


47,9 
30.6 
498 : 


59.9 
37.6 
901 




Oct. 1 


61.4 
40.4 
858 


59.7 
39.4 
860 


78.6 
51.4 
1271 


61.0 
37.5 
987 


81.5 
53.5 
1540 




75.8 
47.5 
1527 


60.2 
42.7 
784 


64.5 
50.5 
951 


62.7 
43.6 
867 


65.0 
42.8 
945 


63.3 
40.1 
911 


74.3 
50.2 
1233 


74.9 
50.3 
1164 


Sept. 1 


73.4 
50.8 
1262 


71.0 
50.2 
1255 


87,6 
65.1 
1509 


72.3 
46.5 
1470 


94.7 
65.6 
2037 


76.9 
59.4 
1273 


84.9 
59.6 
1913 


71.4 
52.7 
1152 


75.2 
61.2 
1280 


74.2 
54.0 
1240 


76.9 
54.6 
1282 


75.1 
51.2 
1276 


84.7 
61.9 
1554 


85.0 
62.5 
1473 


Aug. 1 


81.1 
58.1 
1676 


80.9 
60.3 
1687 


92.1 
70.2 
1781 


84.3 
56.2 
2022 


101,9 
73.9 
2355 


84.0 
67.0 
1565 


91.3 
67.0 
2242 


78.2 
59.6 
1513 


82.3 
68.2 
1583 




83.0 
61.7 
1641 


81.8 
58.4 
1616 


92,8 
69.4 
1950 


93.0 
70.3 
1865 


t 


83.0 
59.8 
1914 


83.4 
62.7 
1970 


92.5 
71.3 
1909 


86.6 
58.0 
2384 


104.5 
75.9 
2588 




93.7 
69,0 
2441 


80.2 
61.2 
1776 


83.9 
68.9 
1784 


81.7 
61.4 
1828 


84.4 
63.2 
1755 


83.4 
60.2 
1849 


93.5 
70,6 
2128 


93.9 
72.4 
2031 


1 


78.9 
55.3 
1957 


78.5 
57.7 
1928 


90.5 
67.9 
2024 


76.3 
51.6 
2174 


98.6 
68.6 
2778 


80,6 
62.4 
1795 


93.1 
64.8 
2610 


75.6 
56.4 
1804 


78.7 
63.2 
1802 


78.0 
57.2 
1843 


81.3 
59.0 
1813 


79.9 
56.0 
1878 


87.6 
66.3 
2144 


87.9 
67.5 
2021 


1 


69.4 
45.5 
1755 


69.4 
47.6 
1737 


84.1 
60.8 
1941 


66.4 
43.3 
1913 


87,4 
59.0 
2646 


71.6 
53.0 
1687 


• 85,0 
55.6 
2459 


m 


69.7 
53.7 
1690 


68,5 
47.9 
1681 


72.6 
50.2 
1647 


70.5 
46.6 
1717 


79.0 
57.7 
1918 


79.7 
58.5 
1822 


1 


56.9 
35.6 
1412 


56.0 
36.0 
1442 


77.3 
52.9 
1708 


55.9 
33.2 
1526 


77.2 
49.8 
2319 


- 61.3 
42.9 
1449 


. 76.9 
46.8 
2218 


54.4 
36.3 
1315 


59.6 
44.2 
1457 


57.9 
38.3 
1350 


62.3 
40.5 
1353 


59.1 
36.5 
1384 


71.7 
48.6 
1725 


72.4 
49,5 
1603 


1 


41.6 
24.5 
1014 


37.5 
20.8 
1104 


68.4 
44.2 
1369 


44.0 
23.6 
1190 


68.3 
42.3 
1824 


49.1 
33.3 
1109 


67.7 
37.9 
1807 


40.4 
25.6 
889 


47.3 
34.6 
1118 


44.8 
28.4 
922 


49.3 
30.6 
980 


44.6 
26.1 
997 


61.0 
37.1 
1400 


60,8 
37.7 
1306 




31.7 
15.6 
648 


26.4 
8,5 
764 


60.9 
37.2 
1026 


37.9 
18.8 
763 


62.4 
37.7 
1340 


40.3 
25.3 
793 


60.4 
31.4 
1373 


31.4 
17.5 
546 


39.2 
27.3 
795 


34.8 
19.9 
601 


38.1 

21.5 
677 


34,0 
17.5 
680 


52.2 
29.4 
1055 


51.9 
29.5 
978 




29.0 
14.9 
370 


19.9 
2.4 
464 


56.5 
34.9 
754 


29.9 
11.8 
486 


56.0 
33.0 
978 


38.2 
24.2 
552 


55.4 
27.4 
1047 


m 


37.4 
26.1 
548 


32.5 
18.5 
388 


34.7 
19.4 
459 


30.7 
15.5 
435 


46.6 
25.2 
801 


45.6 
24.8 
732 


Property 


i 




V 






J 


J 




J 


1 






V 

% 


V 


r-t 

1 

U- U-t S 


Symbol 1 














X z 

< < 




< < 






.^:< 


31 


31 




1 


Grand Rapids, MI 


Minneapolis-St. Paul, MN 


1 


Billings, MT 


Las Vegas, NV 


Newark, NJ 


Z 

tn 
O 


> 

1 


New York, NY 
(LaGuardia Airport) 


X 

o 

1 


Columbus, OH 


Toledo, OH 


Oklahoma City, OK 


Tulsa, OK 
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Annual 
average 


58.1 
43.1 
1000 


62.0 
44.0 
1067 


63.4 
45.1 
1169 


59.9 
40.7 
1069 


59.3 
41.2 
1112 


75.3 
51.2 
1380 


56,7 
33.9 
1290 


71.6 
51.9 
1366 


70.7 
43.8 
1659 


81.6 
62.5 
1521 


76.9 
55.0 
1468 


79.1 
57.4 
1351 


77.0 
49.9 
1802 


64.0 
39.3 
1603 


Monthly averages 


Dec. 


48.8 
37.3 
261 


46.4 
35.4 
260 


43.0 
28.0 
470 


Tj- m r-' 
ri <N *^ 


40.5 
24.1 
419 


00 r-- tN 
v^ m ^ 


29.3 
10.1 
441 


n m On 
VI m ^ 


OO OO CN 


m OO VI 
ON od 3 

vo TT °° 


58.1 
37.4 
780 


CN r- o 

V^ CN p 
so 


59.7 
32.2 
1000 


38.9 
21.6 
570 


Nov. 


in r- r- 
VI 


vO OO 

<N Od « 

v> m 


54.5 
37.1 
619 


OO m v> 
0< ^ 
^ 


ON OO OO 

v^ m ^ 


67.1 
40.6 
921 


43.7 
22.3 
608 


61.4 
41.1 
817 


58.7 
32.1 
1033 


75.1 
54.9 
1043 


66.2 
44.9 
936 


71.6 
48.6 
924 


v^ o vo 

vi o^ 

NO m ^ 


CN CN OO 

d o; 22 

V> CN 


Oct. 


61.4 
44.3 
713 


63.9 
44.6 
724 


VI v> o 

vd vd S 

VO ^ 


62.9 
42.1 
895 


63.2 
43.1 
907 


76.5 
50.3 
1211 


62.1 
36.7 
1005 


74.5 
51.3 
1205 


111 
45.5 
1404 


83.9 
64.1 
1416 


v^ vo 
r- v^ ^ 


81.9 
57.5 
1276 


iin 

51.1 
1522 


66.7 
39,3 
1293 


Sept. 


OO CM m 

r-: 22 

«0 Tt 


74.2 
51.1 
1217 


77.8 
58.6 
1281 


74.8 
53.3 
1209 


73.1 
53.8 
1209 


VI On On 
vl 5 
00 vo 2 


73.5 
48.5 
1410 


84.3 
64.1 
1471 


82.4 
56.9 
1761 


90.1 
72.8 
1687 


89.7 
67.5 
1587 


88.7 
68.1 
1471 


86.4 
61.9 
1844 


80.0 
50.0 
1843 


Aug. 


68.6 
52.6 
1499 


78.6 
55.8 
1674 


84.6 
66.0 
1575 


81.1 
60.1 
1510 


80.3 
61.9 
1499 


91.0 
69.4 
1703 


83.9 
59.7 
1845 


90.3 
70.8 
1824 


89.6 
64.5 
2103 


94.1 
75.8 
1991 


m r- o 
ON r- 2 


93.1 
72,1 
1686 


93.1 
68.0 
2210 


90.0 
59.7 
2254 


July 


67.9 
52.2 
1746 


79.5 
55.8 
2037 


86.1 
66.8 
1758 


m o\ 


81.7 
63.3 
1695 


91.9 
70.1 
1842 


86.2 
61.8 
2150 


91.5 
72.6 
1972 


91.4 
66.2 
2281 


94.2 
75.6 
2186 


97.8 
74.7 
2122 


VO V^ OO 
On t-* ^ 


CN CN On 

ONNo 


93.2 
61.8 
2590 


June 


63.9 
49.2 
1626 


r» (N ro 

(N <N e:: 

r- VI JZ; 


81.7 
61.5 
1811 


79.1 
57.1 
1762 


76.6 
57.0 
1776 


89.2 
66.1 
1947 


m ro O 

d vd 2 

OO v^ ^ 


88.4 
68.9 
2045 


88.2 
61.5 
2393 


91.2 
74.1 
2094 


93.2 
70.8 
2135 


On CN OO 
On r- ^ 


93.0 
66,6 
2562 


83.3 
53.3 
2561 


May 


60.2 
44.1 
1608 


66.9 
46.4 
1663 


O VI O 
r~- ~ 


70.8 
48.5 
1602 


67.6 
47,6 
1655 


83.8 
59.1 
1895 


70.5 
45.7 
1894 


81.0 
60.9 
1885 


79.1 
51.9 
2212 


r- v^ vo 

vdoC S 
OO vo 22 


84.4 
62.9 
1889 


85.1 
64.7 
1775 


86.0 
58.2 
2430 


72.4 
45.2 
2362 


Apr. 


v» r» m 
vn 1j 


60.2 
40.6 
1308 


(N VO 

oi 2 
vo Z 


r-; TT r- 

G> ON 

vo m 2 


57.5 
38.3 
1374 


77.0 
50.5 
1747 


58.1 
34.6 
1543 


72.9 
52.2 
1639 


71,0 
42.0 
2019 


82.1 
63.9 
1642 


76.8 
55.0 
1627 


o m CN 

oCodC^ 
r- v^ ^ 


78.8 
49.4 
2192 


61.1 
37.2 
1894 


Mar 


0\ 0\ VO 

VI m 


VI ^ VI 


50.5 
33.1 
1108 


VO ^ fO 

i^* <^ o^ 


45.5 
29.2 
1032 


67.1 
41.9 
1355 


40.1 
20.6 
1152 


61,4 
41.9 
1278 


60.8 
32.0 
163) 


76,1 
55.7 
1430 


67.2 
44.9 
1422 


72.1 
49.8 
1297 


69.8 
40.2 
1839 


51.5 
29.9 
1454 


Feb. 


50.6 
37.1 
545 


O 
v» m 


41.1 
25.0 
795 


OO r-> VI 
vd d g 
m (S ^ 


r- ov ov 
d p 


59,5 
34.6 
1021 


m On CN 


53.0 
34.1 
945 


53.1 
26.1 
1244 


ON r- 
o^ od 2 

NO ^ 


59.1 
37.8 
1071 


P- CN ^ 
v^ m g 

NO 2 


62.1 
33.3 
1383 


43.7 
24.4 
989 


Jan. 


OO tT v~> 


44.3 
33.5 
310 


VO OO v% 
(N *^ 


34.1 
19.2 
424 


36.4 
20.0 
506 


<N fN CN 
V^ ro 




ON 


49.1 
21.7 
960 


66.5 
46.1 
898 


O On CN 

v> m ^ 


ON OO CN 


57.6 
29,7 
1081 


P* On 


Property | 


Units 


t** m 


1 

^ ^ m 
0 o CO 


-P 

^ m 


■p 


« 
t*- ^ 


V 


V 

CM 

bu lb ^ 
o 0 Cu 


1 

^ ^ m 


■p 

(J- u. ii 


-p 

t*- t** m 

o o 


■P 

(N 

1 

u< u< £ 
o o n 


•p 

c: 

^ t*- m 


•P 

cs 

1 

^ ^ m 


CM 

^ ^ m 

o o Cu 


Symbol 


X 2 
< < 


< < 
f- - 


X z 
< < 
1- ^ 


X 2 
< < 
(- (- - 


X 2 
< < 
H t- 


X z 
< < 

i- H ^ 


X 2 
< < 
t- H - 


X 2 
< < 
H f- - 


X 2 
< < 
(- (- - 


X 2 
< < 
t- H ^ 


X 2 
< < 


X 2 
< < 
H H 


X 2 
< < 

[- H 


X 2 
< < 
f- t- ^ 


Location 


Astoria, OR 


Portland, OR 


Philadelphia, PA 


Pittsburgh, PA 


Providence, RI 


Columbia, SC 


Sioux Falls, SD 


Memphis, TN 


Amarillo, TX 


Corpus Christi, TX 


Dallas, TX 


Houston, TX 


Midland-Odcssa, TX 


Salt Lake City, UT 
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II 


68.8 
46.5 
1248 


58.9 
43.9 
1053 


65.5 
44.0 
1123 


65.3 
45.0 
1176 


58.3 
33.1 
1491 


1 
1 


i 


50.2 
29.6 
567 


45.6 
36.3 
211 


45.9 
27.8 
440 


45.2 
28.5 
467 


40.4 
18.2 
671 


1 


60.5 
37.3 
733 


50.3 
39.3 
337 


55.6 
35.0 
613 


55.2 
35.9 
638 


46.5 
23.1 
823 


s 


70.5 
46.7 
1033 


59.5 
45.3 
656 


67.7 
44.0 
972 


67.6 
44.9 
1004 


61.0 
34.0 
1242 


1 


81,0 
59.3 
1348 


68.7 
51.2 
1148 


78.7 
56.4 
1272 


78.7 
57.2 
1306 


72.1 
43.7 
1667 


1 


87,1 
66.4 
1601 


73.9 
54.3 
1616 


84.2 
63.1 
1514 


ill 


80,8 
52,8 
1966 


t 


88.4 
67.2 
. 1774 


m 


85.2 
63,8 
1683 


85.6 
65.1 
1769 


83.1 
54.6 
2230 


1 


84.8 
62.2 
1872 




oo ^ 


82.6 
60.7 
1844 


m 


1 


77.9 
54.2 
1762 


64.0 
46.0 
1714 


76.0 
51.8 
1639 


75.7 
52.8 
1710 


64.6 
39.7 
1995 


1 


70.6 
45.1 
1566 


56.8 
40.5 
1294 


67.3 
43.3 
1356 


67.2 
44.4 
1448 


54.0 
29.6 
1771 


1 


58.5 
35.8 
1210 




55.4 
34.1 
1010 


55,2 
35.0 
1067 


43.6 
20.6 
1433 


1 


49.6 
28.1 
877 




45.4 
25.8 
707 








46.7 
26.5 
632 






41.1 
24.5 
526 


37.3 
14.8 
766 


1 


1 




J 


J 




V 


i 












u 


< 
> 

1 


Seattle, WA 
(Sea-Tac Airport) 


> 
St 

1 


} 


> 

1 



MW (T2-T1) H, T,/T2 

H2 = (— ) X ( ) X P*2 

10^ Tj P*i 

where: 



H,= 


Henry's Law Constant at standard temperature, atm-m^/mol 


H2 = 


the Henry's Law Constant at the actual temperature, atm-m^/mol 


P*l = 


the compound vapor pressiu-e at standard temperature, atm 


P*2 = 


the compound vapor pressure at actual temperature, atm 


Tl = 


the standard temperature, 298°K 


T2 = 


the actual temperature, "K 


MW = 


the average molecular weight of the liquid, g/mole 


10^ = 


the density of water, g/m^ 



Source: Lyman, Warren J., William Reahl, and David Rosenblatt. Handbook of Chemical Property 

Estimation Methods . McGraw-Hill Book Company, New York, New York, 1982. Section 14, 
pp. 1-25. 

To convert from H in atm/vol fraction to: 

H in atm/ (mol/m^), divide by 55,556 
H in mmHg/mol fraction, multiply by 760 
H in psia/mol fraction, multiply by 19.7 
H in kPA/mol fraction, multiply by 101.325 
H in kPa/mol/m^), multiply by 101.325/55,556 



4.0 EMISSION ESTIMATION PROCEDURES FOR FIXED ROOF TANKS 



Two emission estimation procedures were examined for estimating standing storage or 
breathing loss emissions from fixed roof tanks. The first equation is a version of that developed by 
the American Petroleum Institute (API) in 1962.^ This breathing loss equation was used in both the 
industry and regulatory communities for 30 years. More recently, API proposed a new equation for 
predicting breathing losses from fixed roof tanks.^ This chapter presents the results of a comparative 
evaluation of the two equations to determine the most accurate method for predicting breathing losses 
from fixed roof tanks. In order to evaluate the effectiveness of the equations in predicting actual 
breathing losses, the equations were used to estimate breathing losses in two scenarios. In the first 
scenario, actual parameters recorded during previous emissions testing are the variables used in the 
estimating equations. In the second scenario, default values that are likely to be used in the regulated 
community are the variables used in the estimating equations. In addition to evaluating the predictive 
abilities of each of the equations, the sensitivity of each equation to various parameters was analyzed 
using default values and a typical range of data points for each parameter. 

4.1 BREATHING LOSS EQUATIONS 

The standing storage or breathing loss equation that has been used historically is based on the 
assumption that the breathing loss is a fimction of the vapor pressure of the stored liquid, tank 
diameter, vapor space outage, ambient temperature, and the tank paint color and condition. The old 
breathing loss equation is as follows: 

Lb = 2.26x 10-2My(P/[PA-P])^'^^D^'^^H^-^^AT^-%pCK^^ (4-1) 

where: 



Lb = 


breathing loss, Ib/yr 


Mv = 


stock vapor molecular weight, Ib/lb-mole 


P = 


vapor pressure of stored liquid at bulk liquid conditions, psia 


Pa = 


average atmospheric pressure at tank location, psia 


D = 


tank diameter, ft 


H = 


average vapor space height, including roof volume correction, ft 


aT = 


average ambient diurnal temperature change, °F 


Fp = 


paint factor, dimensionless 


C = 


adjustment factor for small diameter tanks, D<30 ft, dimensionless 


Kc = 


product factor, dimensionless 



The new breathing loss equation proposed by API was developed based on theoretical 
equations and is a fimction of the following parameters: 

1. K£ = the vapor space expansion factor; 

2. Kg = the vapor space saturation factor; 
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3. Vy = the tank vapor space volume; and 

4. Wy = the stock vapor density. 

The expressions describing each of the above parameters were derived from theoretical equations and 
are themselves functions of tank diameter, vapor space outage, stock molecular weight, vapor pressure, 
and environmental conditions. The expression developed for Kg contains a mass transfer coefficient 
for which no value is available. Therefore, a correlation based on EPA, Western Oil and Gas 
Association (WOGA), and API data was developed to describe K^} The theoretical derivation was 
used as a guide in developing the data-based correlation. Thus, K^, Vy, and Wy are based on 
theoretical derivations and Kg is based on actual test data. The following is the new breathing loss 
(standing storage loss) equation that has been developed by API: 

Lt, - 365VyWyKEKs (4-2) 

where: 



Lb 




breathing losses, Ib/yr 


Vv 




(7i/4)D2Hyo 


Wy 




(MyPy^)/(RTLA) 






(ATy/TLA) + ([^Pv - ^Pb]/Pa - PvaD 


Ks 




1/(1 + O.OSSPy^Hyo) 


n 




constant, 3.1459 


D 




tank diameter, ft 


^VO 




vapor space outage, ft 


Mv 




stock vapor molecular weight, Ib/lb-mole 


^VA 




vapor pressure at daily average liquid surface temperature, psia 


R 




ideal gas constant, 10.731 psi-ft^/lb-mole-°R 


Tla 




daily average liquid surface temperature, °R 






daily vapor temperature range, °R 






daily vapor pressure range, psia 


aPb 




breather vent pressure setting range, psia 


Pa 




atmospheric pressure, psia 



Of the above parameters, D, HyQ, My, Py, APg, and R are readily available or can be 
determined using basic assumptions, tables, or figures. The remaining parameters, however, are not 
readily available and are themselves functions of the following variables: 

^AA ^ ^^^^y average ambient temperature, °R 

Tq = liquid bulk temperature, °R 

a = tank paint solar absorptance, dimensionless 

I = daily total solar insolation, Btu/ft^-d 
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The above values may not be readily available, but default values are provided by API. 

4.2 COMPARISON OF PREDICTIVE ABILITY OF TWO EQUATIONS 

The predictive ability of the two breathing loss equations was evaluated under two sets of 
circumstances. In the first situation, data collected for the WOGA, EPA, and API studies were used in 
each equation to generate breathing loss emission estimates for comparison against actual measured 
values. In the second situation, typical default values that are likely to be used by the regulated 
community were used in each breathing loss equation. The breathing loss calculated by each equation, 
based on default values, was then compared against actual measured values. 

The emissions estimated by the two breathing loss equations were compared in Section H of 
the Documentation File for API 2518, second edition.^ The WOGA, EPA, and API test data that were 
used in each equation are identified in Section H. The API test data used in this analysis are the same 
as the test data presented in Section H of the API 2518 documentation file and are for tanks storing 
fuel oil No. 2. The WOGA test data used in this analysis are taken from the document entitled 
"Hydrocarbon Emissions From Fixed Roof Petroleum Tanks," prepared by Engineering Science for 
WOGA in July 1977.^ This report is the original report containing the data and field data sheets fi-om 
the emission testing. The data in the Engineering Science report are, in some instances, different from 
those presented in Section H of the API 2518 documentation file. However, the data in the 
Engineering Science report were used because this report is assumed to be the most accurate source. 
These data are for tanks storing crude oil. The EPA data used in the report are also slightly different 
from those presented in Section H of the API 2518 documentation file. The EPA data used in this 
analysis were taken from the document entitled "Breathing Loss Emissions From Fixed-Roof . 
Petrochemical Storage Tanks" (Third Draft), prepared by Engineering Science for EPA in ; 
December 1978.^ As with the WOGA data, this document contains the original field data sheets and 
is therefore assumed to be the most accurate source of information. These data describe tanks istoring 
several different petrochemicals. 

4.2.1 Predictive Ability—Actual Data 

A sunmiary of breathing loss estimates calculated by the two equations is presented in 
Table 4-1 for fiiel oil (API data base). Table 4-2 for crude oil (WOGA data base), and Table 4-3 for 
petrochemicals (EPA data base). The breathing loss values presented were calculated using actual 
measured parameters, not default values. Also presented in these tables are the stock type contained in 
test tanks, the measured vapor pressure of the stock, and the actual breathing loss emissions measured. 
The measured breathing losses were compared to those calculated using the two emission estimation 
equations by establishing the bias, standard deviation, and root mean squared error of the models, 
which are the emission estimation equations. The bias is used to describe the systematic error in a 
certain model, for example, whether the model consistently overpredicts or underpredicts the actual 
measured emission loss. The standard deviation describes the precision or reproducibility of the 
model. If the standard deviation is large, this indicates that there is a lot of scatter in the data base, or 
in the case of the breathing loss equations, that the equation has poor reproducibility. The root mean 
squared error is an expression that is used to incorporate both types of error in an equation, the bias 
and the standard deviation. The root mean squared error of each model is expressed in one nimiber. 
The bias, standard deviation, and root mean squared error are all expressed in pounds per day (Ib/d) 
for each emission estimation procedure. 
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From the first "row" of data presented in Table 4-4, which corresponds to the aggregate of 
data from all three data bases, the revised equation (Equation 4-2) has less bias and a smaller 
variability than Equation 4-1. Based on all tanks in the data base, Equation 4-1 underestimates actual 
measured emissions by approximately 49 Ib/d and has a standard deviation of 116 Ib/d. The root 
mean squared error is 126 Ib/d. In comparing measured breathing losses to those calculated using the 
revised breathing loss estimating equation, and considering all tanks in the data base, Equation 4-2 
underestimates by only 2.5 Ib/d and has a standard deviation of 52.9 Ib/d. The root mean squared 
error of Equation 4-2 is also 52.9 Ib/d. 

It is imperative that, when reviewing the data presented in Table 4-4, the reader note how the 
two equations predict breathing losses for individual stock types, and consider the number of data 
points associated with each stock type. For example, the fuel oil No. 2 (API data base) and crude oil 
(WOGA data base) comparisons are based on 10 and 8 data points, respectively. The other 
comparisons-isopropanol, ethanol, acetic acid, ethyl benzene, and cyclohexane (all from the EPA data 
base)~only comprise 2 or 3 data points each. If one equation happens to show better predictability in 
a stock type that has a large number of data points, as is the case with Equation 4-2 for crude oil, the 
overall (aggregate) results will be biased. Therefore, even though the overall (aggregate) results 
indicate that Equation 4-2 is a better predictor of breathing losses, the two equations are for the most 
part comparable, except in the case of crude oil, in which Equation 4-2 clearly is a better predictor 
(both equations underpredict, with Equation 4-1 being a substantially worse predictor than 
Equation 4-2). 

A comparison of the calculated breathing losses as a function of vapor pressure is shown in 
Table 4^5. From the table, Equation 4-1 appears to be a better predictor for liquids having a vapor 
pressure of less than 0.5 psia and Equation 4-2 appears to be a better predictor for liquids with vapor 
pressures above 2 psia. In the vapor pressure range between 0.5 and 2.0 psia, the two equations are 
comparable predictors. However, based on the product type analysis, the difference between the two 
equations may be more a result of product type than vapor pressure. For example, no data points for 
crude oil fall within the vapor pressure range less than 0.5 psia, which happens to coincide with the 
vapor pressure range where Equation 4-1 appears to be a better predictor. On the other hand, four 
data points from crude oil fall within the vapor pressure range greater than 2.0 psia where 
Equation 4-2 is a better predictor. 

4.2.2 Predictive Ability-Default Values 

It is assumed that many users of the breathing loss equation have only basic information about 
a particular tank. This information would include the physical characteristics of the tank (size, color), 
the location of the tank, and the tank stock. Therefore, many of the parameters needed to use either 
breathing loss estimation procedure are default values provided in AP-42 or API 2518. These default 
values may be given specifically or presented in tables and figures. In the case of Equation 4-1, 
values of My, Py, T^^, aT, and F are obtained from tables and figures. The value of H is obtained 
by assuming H equals one-half of the actual tank shell height. In the case of Equation 4-2, the same 
assumptions as for Equation 4-1 are made. The vapor space height, H, is denoted as the vapor space 
outage, HyQ, in Equation 4-2. However, additional parameters of a and I are based on tables 
provided in API 2518; these parameters would not typically be measured. 

A summary of the estimates calculated by the two breathing loss estimating equations (using 
default values) is presented for the WOGA and EPA data bases in Tables 4-6 and 4-7. In the API 
testing, the test tank was located indoors. Therefore, no default meteorological data could be assumed 
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and no comparison with the WOGA and EPA default value data bases is possible. Also presented in 
Tables 4-6 and 4-7 are the stock type contained in the test tanks and the actual breathing loss 
emissions measured. Overall, as compared to measured data, Equation 4-1 (using default values) 
underpredicts by approximately 67.9 Ib/d and has a standard deviation of 127.9 Ib/d. The root mean 
squared error is 144.8 Ib/d. Equation 4-2 (using default values) underpredicts by approximately 
16.2 Ib/d and has a standard deviation of 85 Ib/d. The root mean squared error is 86.5 Ib/d. 

A summary of the bias, standard deviation, and root mean squared error is presented in 
Table 4-8 for three cases. The first case compares the two equations using all actual data. The second 
compares the two equations using actual and default values, when the fuel oil data base is excluded 
(this is done because default values were not entered for the API-fuel oil testing). In the third case, 
the two equations with actual and default data are compared, excluding the fuel oil and crude oil data. 
This was done because the revised equation. Equation 4-2, is obviously a better predictor in the case 
of crude oil. 

A summary of the comparison between the two equations by product type is provided in 
Table 4-9. There are no important differences between die equations' performance for any product 
except crude oil. Using the default values for the parameters in the equations improved the 
performance of Equation 4-1 and resulted in a slightly worse performance for the revised equation, 
Equation 4-2. However, for crude oil, Equation 4-2 is still better than Equation 4-1. The major 
difference is in the bias. The precision of the equations is comparable. 

.In. simimary, with the likely use of the default values for the parameters in the equations, the 
Equation 4-1 is a slightly better predictor for the products in the data base with the exception of crude; 
oil. For crude oil, the revised equation. Equation 4-2, is better. 

4.3 SENSITIVITY ANALYSIS 

As indicated by the above discussion, both breathing loss equations are basically functions of 
the same variables; they differ in the extent to which they depend on those variables. In order to 
assess the extent to which each of the equations depends on its independent variables, a sensitivity 
analysis was conducted. The results of that analysis are discussed below. 

The sensitivity of Equation 4-1 was evaluated with respect to molecular weight (My), vapor 
pressure (Py), vapor space height (H), average ambient temperature change (aT), and the paint factor 
(Fp). A sensitivity analysis had previously been done for the new breathing loss equation developed 
by API, as documented in Section G of the documentation file for API 2518, second edition.^ The 
parameters that were evaluated included My, Py, H, and aT as well as the following parameters: 

1. Tank diameter (D); 

2. Solar insolation (I); 

3. Solar absorptance (a); 

4. Ambient temperature; 

5. Breather vent pressure and vacuum settings; and 

6. Reid vapor pressure. 

The sensitivity of the two breathing loss equations to the various parameters was evaluated by 
maintaining all parameters constant except for the one being evaluated. The baseline case that was 
used for the sensitivity analysis was the WOGA test conducted on May 18, 1977, involving a crude oil 
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storage tank. Parameters of diameter, Reid vapor pressure, stock type, tank location, and tank color 
were obtained from field data sheets. These parameters are the parameters that are assumed to be 
available to all end users. For all other parameters (molecular weight, vapor pressure, vapor space 
height, temperature data, and solar insolation), it was assumed that default values would be used by 
the end users. A summary of the baseline values for the sensitivity equation is provided in 
Table 4-10. 

For each equation, the sensitivity evaluation of each parameter was conducted using the 
following procedure. First, for each parameter, the default value was identified. Then, based on 
actual data (EPA, WOGA, and API data bases), the amount by which the default value is likely to 
vary was determined. For example, the default value for the molecular weight of crude oil is 
50 pounds/pound-mole (Ib/lb-mole). Actual data indicated that the measured molecular weight may be 
as high as 70 Ib/lb-mole. Therefore, the default value range was assumed to be 20 Ib/lb-mole. Once 
the default range was determined, the corresponding change in the calculated breathing loss was 
calculated using each equation. For example, in a 20 Ib/lb-mole range of molecular weight, the 
breathing loss calculated by Equation 4-1 differs by approximately 64 pounds. The same analysis was 
conducted for each parameter using both breathing loss estimating equations. The results are 
summarized in Table 4-1 1 and Figures 4-1 to 4-11. Note that because one baseline case is being used 
in the sensitivity analysis, the actual measured breathing loss is the same in all cases, 574 Ib/d, as 
shown in Figures 4-1 to 4-11. Also note that all figures have different scales. 

As previously stated, the actual molecular weight of crude oil may vary by 20 Ib/lb-mole. The 
sensitivity of Equation 4-1 to changes in the molecular weight (all other parameters held constant) is 
provided in Figure 4-1. As indicated in Figure 4-1, the relationship between molecular weight and 
breathing loss is linear. Using the default value of 50 Ib/lb-mole, a breathing loss of 159.3 Ib/d is 
estimated. Based on Figure 4-1, a difference of 20 Ib/lb-mole in the molecular weight would result in 
breathing loss emissions ranging between 159.3 and 223.1, a difference of approximately 64 Ib/d in 
breathing loss emissions. Figure 4-2 shows the sensitivity of the revised equation to variance in 
molecular weight. Again, the relationship is linear. Using the default value of 50 Ib/lb-mole, a 
breathing loss of 377.9 Ib/d is estimated. Based on a difference of 20 Ib/lb-mole in the molecular 
weight value used in the equation, the breathing loss would range between 377.9 and 529.1 Ib/d, a 
difference of approximately 150 Ib/d. 

The vapor pressure of the stored material is also a parameter for which a default value from a 
reference table is used. (The default values are a fiinction of temperature and therefore vary with the 
stored liquid temperature.) The WOGA data base indicates that the Reid vapor pressure of the same 
type of stock, stored in the same tank, can vary considerably. Thus, the vapor pressure, which is a 
function of the Reid vapor pressure, will also vary even at a constant stored temperature. For 
example, in WOGA tests 7b and 8a, breathing losses from the same tank storing crude oil were 
measiu^ed. The Reid vapor pressure during the first test was measured as 1.2 psi. During the second 
test, 3 months later, the Reid vapor pressure was measured as 3.4 psi. Assuming a constant default 
value for ambient temperature, the true vapor pressure varies from 0.5 psi to 2.0 psi, a difference of 
1.5 psi. The sensitivity of Equation 4-1 to changes in the stock vapor pressure is linear, as shown in 
Figure 4-3. Based on a 1.5 psi difference in the vapor pressure value used in the equation, the 
difference in the breathing loss in the 0.5 to 2.0 psi range varies between 37.5 and 103.9 Ib/d, a 
difference of approximately 64 Ib/d. Performing the same analysis with the revised equation, the 
difference in the calculated breathing loss ranges between 79.2 and 236.6 Ib/d, a difference of 
approximately 158 Ib/d. The sensitivity of the revised equation to vapor pressure changes is also 
linear, as depicted graphically in Figure 4-4. 
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A value for the average vapor space height, or outage (Hyg), is required as an input for both 
equations (it is required as H in Equation 4-1). If this value is not available, it is recommended that 
HyQ be assumed to equal one-half the tank height. The API 25 1 8 bulletin does not direct the user as 
to what value to use if the actual HyQ is unavailable. Based on the available data, a typical tank 
height is 40 feet; thus, a typical value for HyQ would be 20 feet. In the baseline case, the value of 
HyQ is 20.75 feet, one-half of the actual tank height of 41.5 feet. Based on the HyQ value measured 
at tanks with a height of approximately 40 feet, the actual HyQ varied from approximately 5 to 
35 feet. This reflects a difference in ±15 feet from the default value. The sensitivity of the two 
equations to various HyQ values, all other parameters held constant, is depicted graphically in 
Figures 4-5 and 4-6, respectively. As indicated in both figures, the relationship between HyQ and 
breathing loss is nonlinear. Thus, in using either equation to calculate breathing loss, the difference 
between measured and calculated emissions depends on whether the value used in the equation is less 
than or greater than the default value. Using Equation 4-1, if a value of 5 feet (-15 feet) is assumed 
for HyQ, a breathing loss of 77.1 Ib/d is obtained. Using the default value of 20 feet, a breathing loss 
of 156.4 Ib/d is obtained; the difference in breathing loss emission estimates is approximately' 80 Ib/d. 
If a value of 35 feet (+15 feet) is assumed for HyQ, a breathing loss of 208 Ib/d is estimated. As 
compared to the estimate of 156.4 Ib/d using the default value, the difference in breathing loss is 
approximately 50 Ib/d. Performing the same analysis using Equation 4-2, the difference in breathing 
loss emissions is again found to depend on whether the value for HyQ is less than or greater than the 
default value. If the value used for HyQ is 5 feet, the breathing loss is estimated as 226 Ib/d. Using a 
defauh value of 20 feet, the breathing loss estimated by the revised equation is 374.9 Ib/d, a difference 
of approximately 150 Ib/d. If the value used for HyQ in the revised equation is 35 feet, a breathing 
loss of 413.9 Ib/d is estimated. The difference as compared to the default value is approximately 
40 1b/d. 

Both of the estimating equations also incorporate a value for average daily ambient 
temperature (aT) into the emission estimating equation. In Equation 4-1, the breathing loss is directly 
related to the value of aT raised to the 0.5 power; the relationship is approximately linear. In the 
revised equation, the value of aT is not used directly in the emission estimating equation. It is, 
however, used to calculate values for the daily vapor temperature change and the liquid surface 
temperature; these parameters are used directly in calculating the breathing loss emissions. Thus, the 
relationship between aT and breathing loss is different for each equation. The tank in the baseline 
case, which is considered in this analysis, is located in California. The default aT value of 15°F was 
obtained by using meteorological data for the areas that are contained in both AP-42 and API 2518. 
Based on actual measured temperature changes of 20*^ to 40°F in the same area, the value of ambient 
temperature change may vary by 25*^F. The sensitivity of the two equations to changes in the value of 
aT is shown graphically in Figures 4-7 and 4-8, respectively. As indicated by these figures, the 
relationship between aT and breathing loss is approximately linear in both cases. Using Equation 4-1 
and a defauh value of 15°F, the breathing loss is estimated as 159.3 Ib/d. Based on an increase of 
25°F in the value of aT, the emission rate predicted by the old equations is 259.3, a difference of 
100 Ib/d. Using Equation 4-2 and a default value of 15°F, a breathing loss of 377.9 is estimated. 
With an increase in aT of 25°F, the calculated breathing loss is 642.8 Ib/d, a difference of 
approximately 265 Ib/d. 

The effect of tank color on the breathing loss emission rate is accounted for in both equations. 
In Equation 4-1, the breathing loss is directly related to the value for the paint factor (Fp) that is used 
in the equation. The value for Fp depends on tank shell and roof paint color and paint condition. The 
values for Fp were developed based on testing that involved measurement of solar reflectance and an 
evaluation of the relationship between solar reflectance and emission rates. In the revised equation, 
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the effect of tank shell and roof paint color and paint condition is described by the solar absorptance 
(a) of the paint. A linear relationship exists between the values of a and Fp. The values of a 
provided in API 2518, second edition, were calculated using this relationship. However, Equation 4-2 
incorporates the a value much differently than Equation 4-1 uses the paint factor, Fp. A value of a is 
not used direcdy in calculating the breathing loss emission rate. It is used to calculate the liquid bulk 
temperature, the average liquid surface temperature, and the vapor temperature range. These 
parameters are all used in the emission estimating equation; thus, the relationship between a and the 
emission rate is complicated, and a and Fp are not direcdy comparable. 

For the baseline case used in this analysis, the tank shell was white and the tank roof was light 
gray. The paint condition was reported as good/poor (good condition was assumed). Based on this 
information and tabular listings of Fp and a values in AP-42 and API 2518, a value of 1.3 was used 
for Fp and a value of 0.355 was used for a. Both the AP-42 and API 2518 documents state that if 
information is not known, assimie a white shell and roof, with the paint in good condition. If these 
conditions are assumed, a value of 1.0 is used for Fp and a value of 0.17 for a. The sensitivity of the 
breathing loss emission rate calculated by Equation 4-1 to changes in the value of Fp is linear, as 
shown in Figure 4-9. Using the actual value of 1.3 for Fp, a breathing loss of 159.3 Ib/d is estimated. 
Using the default value of 1 for Fp (a change of 0.3), the breathing loss is estimated as 122.6 Ib/d. 
Using the default value, the breathing loss emission rate varies by approximately 37 Ib/d. 

The sensitivity of the breathing loss emission rate calculated by Equation 4-2 to changes in the 
a value is also linear, as shown in Figure 4-10. Using the actual value of 0.355 for a, a breathing 
loss of 377.9 Ib/d is estimated. Using the default value of 0.17 for alpha, the breathing loss is 
estimated as 259.8 Ib/d, a difference of 188 Ib/d. 

One parameter that is used in Equation 4-2 but is not used in any way in Equation 4-1 is the 
daily solar insolation (I). The value of I is not used direcdy in the revised equation, Equation 4-2, to 
estimate breathing loss emissions but is used to calculate bulk storage temperature, average liquid 
surface temperature, and the vapor temperature range. The value of I depends on the tank location. 
Default values for I are provided in API 2518, based on the city and State in which the tank is located. 
It is assumed that the default values of I will be used by the regulated community. In the baseline 
case, a value of 1,594 Btu/ft^d was used due to location of the tank in California. Based on actual 
values for I that were measured at the same location, the values of I may vary from 933 to 
2,050 Btu/ft^d. The sensitivity of the revised equation to changes in the value of I is linear, as shown 
in Figure 4-11. Based on a variance of 600 Btu/ft^d as the value of I, the breathing loss estimated 
would range between 336.2 Ib/d at I = 1,300 and 421 Ib/d at I = 1,900. The difference in die emission 
rate calculated by the revised equation varies by approximately 85 Ib/d. 

Based on the results of the sensitivity analysis, it is concluded that for both equations, the 
predicted emission rates decrease when a lower value than the default value is used and increase when 
a higher value than the default value is used. In general, the revised equation. Equation 4-2, for 
estimating emissions from fixed roof storage tanks, is more sensitive to variations in the values of 
molecular weight, vapor pressure, temperature change, and in some instances, vapor space height, than 
Equation 4-1. Both equations account for the effect of tank shell and roof paint color and condition 
on the breathing loss emission rate. In Equation 4-2, the effect is described by alpha. In Equation 4- 
1, the effect is described by Fp. Variations in the value of a will affect the resultant calculated 
emission rate much more than variations in the value of F used in Equation 4-1 to describe the same 
effect. However, F and a are not direcdy comparable. Finally, a new parameter, I, is introduced into 
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the Equation 4-2. The breathing loss emission rate calculated by Equation 4-2 is sensitive to changes 
in the value of I that is used. 

Based on the sensitivity analysis, it is concluded that use of Equation 4-2 would result in more 
uncertainty or variabihty in the predicted value if any of the variables are subject to uncertainty or 
error. 

4.4 CONCLUSIONS AND RECOMMENDATIONS 

For all stock types other than crude oil, Equation 4-1 is an adequate predictor of breathing 
loss. For crude oil stocks, the revised equation is a clearly superior predictive equation. In the case of 
crude oil, the Equation 4-2 underpredicts by 55.6 Ib/d, as compared to the underprediction of 
179.5 Ib/d of Equation 4-1. Equation 4-2 is very sensitive to the value of a that is used. In a 
situation in which the default value of a is incorrect, an underprediction of 1 18 Ib/d may occur. 
Adding this factor to the underprediction of 55.6 Ib/d in the case of crude oil. Equation 4-2 
underpredicts by 173.6 Ib/d, comparable to Equation 4-1. However, it is recommended that the 
revised equation, Equation 4-2, be incorporated in the AP-42 for estimating emissions from fixed roof 
tanks as it is a better predictor for crude oil and is comparable to Equation 4-1 for other stored 
materials. 
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TABLE 4-1. FIXED ROOF TANK BREATHING LOSS-COMPARISON OF 



ESTIMATING EQUATIONS-API DATA BASE 



Test 


Stock tvne 


Vapor pressure, 
psia 


Breathing loss, Ib/d 


bqn. 4-1 


bqn. 4-2 


Actual 




Fuel Oil No 2 


0.0049 


0.0523 


A A 1 1 


0.U152 


APT-'? 


Fuel Oil No 2 

J. uwi vyii ^ 


0.0049 


0.0575 


0.0145 


0.017 




Fuel Oil No 2 

lid V^ll l^^J. ^ 


0 0050 


0.0715 


0.0172 


0.0216 


API-4 


Fuel Oil No. 2 


0.0051 


0.0708 


0.0171 


0.0219 


API-5 


Fuel Oil No. 2 


0.0051 


0.0701 


0.0155 


0.0179 


API-6 


Fuel Oil No. 2 


0.0051 


0.0425 


0.0053 


0.0079 


API-7 


Fuel Oil No. 2 


0.0075 


0.0874 


0.0374 


0.0334 


API-8 


Fuel Oil No. 2 


0.0101 


0.1302 


0.053 


0.0502 


API-9 


Fuel Oil No. 2 


0.0101 


0.1112 


0.0397 


0.0478 


API-10 


Fuel Oil No. 2 


0.0101 


0.0890 


0.0382 


0.0441 



TABLE 4-2. FIXED ROOF TANK BREATHING LOSS ~ COMPARISON OF 



ESTIMATING EQUATIONS - WOGA DATA BASE 



Test 
description 


Stock type 


Vapor pressure, 
psia 


Breathing loss, Ib/d 


Eqn. 4-1 


Eqn. 4-2 


Actual 


WOGA-7B 


Crude oil 


1.5 


136.3 


254.6 


196 


W0GA-8A 


Crude oil 


0.6 


46.5 


145.2 


80 


W0GA-13A 


Crude oil 


0.8 


17.7 


22.0 


129 


W0GA-13B 


Crude oil 


0.8 


14.0 


19.5 


146 


W0GA-16A 


Crude oil 


2.7 


99.8 


282.7 


177 


WOGA-16B 


Crude oil 


2.7 


98.7 


278.7 


256 


W0GA-17A 


Crude oil 


3.4 


122.9 


448 


574 


W0GA-17B 


Crude oil 


3.4 


129.2 


446 


576 
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TABLE 4-3. FIXED ROOF TANK BREATHING LOSS-COMPARISON OF 



ESTIMATING EQUATIONS-EPA DATA BASE 



Test 


Stnrlf tvnp 


Vapor pressure, 
psia 


Breathing loss, Ib/d 


Eqn. 4-1 


Eqn. 4-2 


Actual 


FPA-1 A 


TQnnrn'nflTinl 


0.65 


9.71 


13.35 


15 


FPA-IU 


Tc OT*r<^r*o n nl 
loUpi UpcUlUl 




9.04 


12.15 


17 


PPA 9A 






11.03 


12.99 


6 


PPA 9R 


XjLXlallUi 




12.65 


16.73 


3.4 


PPA OC 


ILUlallUI 




1 V.J*/ 


10 42 


5 7 


EPA-3A 


Acetic acid 


0.23 


22.12 


45.64 


24 


EPA-3B 


Acetic acid 


0.23 


27.44 


70.5 


45 


EPA-5A 


Ethyl benzene 


0.2 


9.67 


13.56 


11 


EPA-5B 


Ethyl benzene 


0.2 


10.64 


15.59 


15 


EPA-6A 


Cyclohexane 


1.97 


38.28 


48.64 


20 


EPA-6B 


Cyclohexane 


1.97 


31.08 


48.64 


17 


EPA-6C 


Cyclohexane 


1.97 


34.04 


48.41 


14 
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TABLE 4-4. COMPARISON OF EMISSION ESTIMATING EQUATIONS 
WITH BREATHING LOSS AS A FUNCTION OF STOCK TYPE 





UUliClLlUil *T~1 


nquaiion *t-z 


Bias, Ib/d 


-48.7 


-2.5 


Standard deviation, Ib/d 


1 1 S 9 


S9 0 

JZ.7 


iVUUL lllCd.ll oL|UalCU CllUl, lU/U. 


IZD./ 


jz.y 


Fuel oil No. 2 






Bias, Ib/d 


0.051 


-0.003 


Standard deviation, Ib/d 


0.013 


0.004 


Root mean squared error, Ib/d 




U.UU5 


No. of data points 


inn 




Isopropanol 






Bias, Ib/d 


-6.6 


-3.3 


Standard deviation, Ib/d 


1.3 


1.6 


Root mean squared error, Ib/d 


o.o 


3.0 


iNo. 01 uaia poinis 


z.u 


0 A 

z.u 


Ethanol 






Bias, Ib/d 


6.3 


8.3 


Standard deviation, Ib/d 


2.1 


3.6 


xvoui mvdn squdicu crrur, lu/u 


0.0 


Q 1 


No. of data points 


"2 n 
j.V 


T A 

j.U 


Acetic Acid 






Bias, Ib/d 


-9.7 


23.6 


Standard deviation, Ib/d 


7.8 


1.9 


r\.ooi mean squareu error, io/q 


IZ. J 


Zj.O 


No. of data points 


Z.U 


O A 

Z.U 


Ethyl benzene 






Bias, Ib/d 


-2.8 


1.6 


Standard deviation, Ib/d 


1.5 


1.0 


Root mean squared error, Ib/d 


J. 2 


i.y 


INO. 01 uaia pomis 


Z.U 


z.u 


Cyclohexane 






Bias, Ib/d 


17.5 


31.6 


Standard deviation, Ib/d 


2.5 


2.4 


Root mean squared error, Ib/d 


17.6 


31.7 


No. of data points 


3.0 


3.0 


Crude oil 






Bias, Ib/d 


-186.9 


-29.7 


Standard deviation, Ib/d 


155.3 


95.2 


Root mean squared error, Ib/d 


243.0 


99.7 


No. of data points 


8.0 


8.0 
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TABLE 4-5. COMPARISON OF EMISSION ESTIMATING EQUATIONS 
WITH BREATHING LOSS AS A FUNCTION OF VAPOR PRESSURE 



Vapor pressure range, psia 


Equation 4-1 


Equation 4-2 


VP < 0.5 






Bias, Ib/d 


-1.8 


3.6 


Standard deviation, Ib/d 


4.5 


8.2 


Root mean squared error, Ib/d 


4.9 


9.0 


No. of data points 


14 


14 


0 ^ < VP < 1 0 






Bias, Ib/d 


-34.5 


-18.7 


Standard deviation, Ib/d 


52.4 


60.4 


Root mean squared error, Ib/d 


62.8 


63.2 


No. of data points 


8 


8 


1 0 < VP < 2 fi 






Bias, ib/d 


-4.5 


38.3 


Standard deviation, Ib/d 


38.2 


11.9 


Root mean squared error, ib/d 


38.5 


40.1 


No. of data points 


4 


4 


VP > 2.0 






Bias, Ib/d 


-285.8 


-31.9 


Standard deviation, Ib/d 


165.5 


100.5 


Root mean squared error, Ib/d 


330.2 


105.4 


No. of data points 


4 


4 



TABLE 4-6. FIXED ROOF TANK BREATHING LOSS ~ COMPARISON OF 



ESTIMATING EQUATIONS ~ WOGA DATA BASE DEFAULT VALUES 



Test 
description 


Stock type 


Vapor pressure, 
psia 


Breathing loss, Ib/d 


Eqn. 4-1 


Eqn. 4-2 


Actual 


W0GA-7B 


Crude oil 


1.5 


54.7 


168.9 


196 


W0GA-8A 


Crude oil 


0.6 


19.9 


56.8 


80 


W0GA-13A 


Crude oil 


0.8 


7.7 


11.8 


129 


W0GA-13B 


Crude oil 


0.8 


7.7 


11.8 


146 


W0GA-16A 


Crude oil 


2.7 


144.8 


341.9 


177 


W0GA-16B 


Crude oil 


2.7 


144.8 


341.9 


256 


W0GA-17A 


Crude oil 


3.4 


159.3 


377.9 


574 


WOGA-17B 


Crude oil 


3.4 


159.3 


377.9 


576 
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TABLE 4-7. FIXED ROOF TANK BREATHING LOSS-COMPARISON OF 



ESTIMATING EQUATIONS-EPA DATA BASE DEFAULT VALUES 



Test 

H c r* 1*1 n 1 1 rtTi 
ip llUll 


Qtrif*W tvr>p 


Vapor pressure, 


Breathing loss, Ib/d 


Eqn. 4-1 


Eqn. 4-2 


Actual 


PPA 1 A 


T c fn r\ n n n 1 




9.9 


1 n 1 

10.1 


15 


WA 1 R 

JCJr /\- 1 15 


T o r* trr rtn n n A 1 


0 71 S 


9.9 


10.1 


17 




ULIlailUl 




16.1 


20.1 


6 


JCr A-ZI3 






16.1 


20.1 


3.4 


FPA 


HuldllUl 






70 1 


S 7 


EPA-3A 


Acetic acid 


0.23 


25.7 


33.7 


24 


EPA-3B 


Acetic acid 


0.23 


25.7 


33.7 


45 


EPA-5A 


Ethyl benzene 


0.2 


10.2 


7.9 


11 


EPA-5B 


Ethyl benzene 


0.2 


10.2 


7.9 


15 


EPA-6A 


Cyclohexane 


1.97 


43.5 


50.4 


20 


EPA-6B 


Cyclohexane 


1.97 


43.5 


50.4 


17 


EPA-6C 


Cyclohexane 


1.97 


43.5 


50.4 


14 
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TABLE 4-9. COMPARISON OF BREATHING LOSS ESTIMATING EQUATIONS 
(USING DEFAULT VALUES)~PREDICTIVE ABILITY AS A FUNCTION 

OF PRODUCT TYPE 



Product 


WOGA and EPA data bases, Ib/d 




Equation 4-1 


Equation 4-2 


Isopropanol 






Bias, Ib/d 


-6.1 


-5.9 


^tanHjirH Hpvifitinn IH/H 


1.0 


1.0 


ivuui iiicaii oi^uoicu ciiui, lu/u 


6.2 


6.0 


UaUX pUJilla 


2 


2 


Ethanol 






Bias, Ib/d 


11.1 


15.1 


Standard deviation Ib/d 


1.2 


1.2 


T?nnt tnpnn QniiHTpH prrnr Ih/H 


11.1 


15.1 




3 


3 


Acetic Acid 






Bias, Ib/d 


-8.8 


-0.8 


Standard deviation, Ib/d 


10.5 


10.5 


Rnnt TTipjiTi <;miarpH pirnr Ib/H 


13.7 


10.5 




2 


2 ■ 


Ethyl benzene 






Bias, Ib/d 


-2.8 


-5.1 


^tanHnrH Hpviatinn Ih/H 


2.0 


2.0 




3.4 


5.5 




2 


2 


Cyclohexane 






Bias, Ib/d 


26.5 


33.4 


Standard deviation, Ib/d 


2.4 


2.4 


Root mean squared error,lb/d 


26.6 


33.5 


Data points 


3 


3 


Crude oil 






Bias, Ib/d 


-179.5 


-55.6 


Standard deviation, Ib/d 


140.9 


122.7 


Root mean squared error, Ib/d 


228.2 


134.8 


Data points 


8 


8 
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TABLE 4-10. BREATHING LOSS ESTIMATING EQUATIONS FIXED ROOF TANKS 
SENSITIVITY ANALYSIS-COMPARISON BETWEEN THE AP-42 AND NEW API 
EQUATION BASELINE CONDITIONS 





Default value 


Molecular weight (My) 


50 lb/lb mole 


Reid vapor pressure (RVP) 


5.5 psia 


Vapor pressure (Py) 


3.35 psia 


Tank diameter (D) 


175.8 ft 


Vapor space height (H or Hyg) 


20.75 ft 


Averaee ambient temoerature TTa 


62.6°F 


Average ambient temperature change (aT) 


15.1°F 


alpha 


0.355 


Paint factor (Fp) 


1.3 


Solar isolation (I) 


1,594 Btu/ft2 d 


Breather vent pressure/vacuum difference (APg) 


0.06 psig 


Small diam. adjustment (C) 


1 


Product factor (K^) 


0.65 
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5. EMISSION ESTIMATION PROCEDURES FOR FLOATING ROOF TANKS 



The purpose of this chapter is to present the statistical analyses that were performed on the 
floating roof tank emission estimation procedures. In the first section, a discussion of the results of 
the statistical analyses on the test tank data performed by API in developing the emission estimation 
equations is presented. The second section documents the results of a statistical analysis to determine 
how well the procedures predict emissions based on actual tank test data. The third section docimients 
the results of sensitivity analyses performed on selected variables in the emission estimating 
procedures. The fourth section presents the conclusions from the overall analyses. 

5.1 STATISTICAL ANALYSES - API TANK TEST DATA 

The first step in the analysis of the floating roof tank emission estimating factors and equations 
was a comprehensive review and evaluation of the procedures that the American Petroleum Institute 
(API) and their contractors, Chicago Bridge & Iron Company (CBI); Cermak, Peterka, Peterson, Inc. 
(CPP); and the TGB Partnership used to develop them. The primary objectives of the analysis were to 
assure that valid statistical procedures were used to evaluate the data and to develop better 
information on the precision of the coefficients that were developed for the estimating equations. 
Information on the precision of the coefficients can provide some indication of the imcertainty of the 
emission estimates generated by the equations. The primary sources of information used in the 
analysis were API Pubhcations 2517 and 2519 and their associated backgroimd documentation files.*"^ 
Additional sources of information were two draft docimients API submitted to EPA which sxmMnarized 
the procedures API used for revising the evaporative loss estimating procedures and factors. These 
documents are: Manual of Petroleum Measurement Standards Chapter 19— Evaporative Loss 
Measiu'ements, Section 2— Evaporative Loss From Floating-Roof Tanks; and Documentation of Rim- 
seal Loss Factors for the Manual of Petroleum Measurement Standards, Chapter 19— Evaporative Loss 
fi-om Floating-Roof Tanks .^'^ 

Personnel at API were extremely helpful in providing the background information needed for 
the analysis. However, documentation was lacking on the basis of the development of clingage 
factors. The analyses focused on seven components of the floating roof tank estimating equations-the 
development of the rim-seal loss factors, the diameter fimction, the product factors, the deck fitting 
loss factors, the fitting wind speed correction factor, the IFRT deck seam loss factors, and the vapor 
pressure function. The evaluations of the analyses for each of these seven components are discussed 
in the following sections. 

5.1.1 Evaluation of Rim-seal Loss Factors 

5.1.1.1 Development Methodology . The rim-seal loss equation and factors introduced in the 
Second Edition of API Publication 2517 and used in the previous version of AP-42 Section 7.1 (July 
1995) did not allow for a total rim-seal loss factor other than 0 at a wind speed of 0 miles per hour 
(mph) and were not considered to be valid at wind speeds below 2 mph. The new floating roof tank 
rim-seal loss estimating equation developed by API involves three rim-seal loss factors: (1) the zero 
wind speed rim-seal loss factor, Kj^^; (2) the wind speed dependent rim-seal loss factor, Kj^^' 
the rim-seal wind speed exponent, n. In the new equation, the Kp^ term extends the applicability of 
the equation and allows for a nonzero value of the 0 mph loss factor: 
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where: 

total rim-seal loss factor, Ib-mole/yr 
zero wind speed rim-seal loss factor, Ib-mole/yr 
wind speed dependent rim-seal loss factor, lb-mole/(mph)"-yr 
site ambient wind speed, mph 
seal wind speed exponent, dimensionless 

Sets of these new factors were developed by API for 12 distinct tank construction/rim-seal 
configurations for average fitting rim-seals and 9 distinct tank construction/rim-seal configurations for 
tight fitting rim-seals. The data used to develop estimates for the rim-seal loss factors were obtained 
from the documentation file for API Publication 2517.^ This file contains data from a test program 
conducted for API by CBI on a 20 foot diameter test tank. In that test program, emission estimates 
were generated based on hydrocarbon measurements downstream from the test tank under steady state 
conditions and a constant wind speed. Test runs were conducted for a nimiber of primary and 
secondary rim-seal configurations and gap speeds at wind speeds that ranged fi"om 2.2 to 13.1 mph. 

For each rim-seal configuration, information for tanks with two to four sets of gap sizes were 
averaged to obtain the final loss factors for average fitting rim-seals and the 0 gap size data were used 
to obtain loss factors for tight fitting rim-seals. Two distinct computational procedures were used, 
depending on the availability of information. In the first case, data were available for the specific 
combination of primary and secondary rim-seal of interest for all gap sizes included in the analysis. In 
the second case, data were unavailable for the specific combination of primary and secondary rim-seal 
of interest, so secondary rim-seal emission reductions were estimated firom analogous configurations. 
Procedures used for each case are outlined below. 

For cases with data available for the combination of primary and secondary rim-seal of 
interest, estimating equation coefficients (Kj^, Kj^^^, and n) were obtained using a three step process. 
The first two steps generated coefficients for specific gap sizes, while the third step averaged across 
the gap sizes of interest. However, prior to the first step, the raw data fi"om the documentation file 
were modified by replacing emission rates for replicate tests at the same wind speed with the average 
emission rate for all replicates at that wind speed. The three steps used to obtain the final coefficient 
estimates are outlined below. 

In the first step, the values of Sj^ (a coefficient analogous to the zero wind speed loss, Kj^^, 
but in units of Ib/d) were determined using an iterative process. First, an exponential curve fit routine 
was used to estimate a starting value for Sj^^. Using that estimate of Sj^^, net emission rates were 
calculated for each test by subtracting Sj^^ from the measured value of the emission rate. A standard 
least squares regression routine was then used to fit a linear equation with the log transform of the net 
emission rate as the dependent variable and the net wind speed as the independent variable. The 
estimate of Sj^^^ was then changed iteratively and the process was repeated. The estimate which 
yielded the best fit linear equation was assumed to be the best estimate of Sj^. 

In the second step, the estimate of Sp^^ obtained from Step 1 was subtracted from the measured 
emission rate for each test to generate a net emission rate (Ej^gj) for the test. Both the net emission 



^Ra ~ 

V = 
n = 
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rate and the measured wind speed for the test were log transformed and an equation of the following 
form was fit, where Ej^^^ and Sj^^ have units of Ib/d rather than Ib-mole/ft-yr. 

log(Enet) = log(SRb) ^ n*log(v) 

If the value of Ej^^^ obtained was less than 0, that test was eliminated from the analyses. Least squares 
regression was used to obtain estimates of n and log(Sj^^j), which were then exponentiated to obtain an 
estimate of Sj^^^ (analogous to K^^^, the wind dependent loss factor). 

In the third step, estimates of the percentage of tanks represented by each gap size used in 
Steps 1 and 2 were used to generate a weighted average estimating equation for each rim-seal 
configuration. For each gap size considered, the equations generated in Steps 1 and 2 were used to 
generate estimated emission rates in Ib/d at wind speeds of 0, 4, and 10 mph. The percentage weights 
were then applied to obtain average emission rates in Ib/d at each of these wind speeds. The value 
obtained for a wind speed of 0 mph was used as the estimate of Sj^^. To obtain the estimates of n and 
^Rb' emission rates were calculated by subtracting the estimate of S^^ from the average emission 
rates at 4 and 10 mph. The resulting net emission rates at two wind speeds were log transformed and 
a linear equation was fit to the two points to obtain estimates of n and log(Sj^^), which was 
exponentiated to obtain an estimate of Sj^^,. Finally, S^^ and Sj^^j were converted to Kp^^^ and Kj^j^. 

For six of the primary/secondary combinations of interest, no test data were available. 
However, test data were generally available for all primary rim-seals of interest with no secondary rim- 
seal and all secondary rim-seals of interest applied in combination with at least one of the primary 
rim-seals. Consequently, loss factors for the primary/secondary combinations without test data were 
developed by applying the reduction, or "control efficiency," achieved by the secondary seal of interest 
applied in combination with a different type primary rim-seal to the "uncontrolled" emissions from the 
primary rim-seal of interest. 

Table 5-1 provides an overview of the data that were used to develop the rim- seal loss factors 
for floating roof tanks; the comment column indicates the factors that were calculated indirectly. The 
actual factors are presented in Table 5-2, and those factors that were calculated indirectly, by applying 
a secondary rim-seal control efficiency, are denoted by an asterisk. 

5.1.1.2 Evaluation . The complete results of the evaluation of rim-seal loss factors are 
docimiented in a report prepared for MRJ entitled: Evaluation of Rim-seal Loss Factors for AP-42 
Use, prepared by Dr. Dennis Wallace and dated September 1995.^ 

The verification of the API estimating equations addressed three questions: (1) whether the 
computations performed by API could be replicated; (2) whether the replacement of the raw test data 
with an average emission rate at a particular wind speed had a significant effect on the final estimates; 
and (3) whether the linearity assumed in the averaging process, particularly when ratio estimates were 
involved, had a significant effect on estimates. Also, analyses were conducted to assess the effect of 
primary seal type, primary seal gap size, and secondary seal gap size on secondary seal performance. 
Finally, uncertainty estimates were developed for two estimation scenarios (individual tanks and 
population means). 
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5.1.1.2.1 Verification of API computations . The computations performed by API were 
replicated using the raw data from the documentation file; no substantive problems were identified. 

5.1.1.2.2 Replacement of the raw test data with an average emission rate . To address the 
second question, three alternative analyses were performed. First, nonlinear regression was used to 
estimate all three parameters. Second, the procedures used by API to compute estimates were 
replicated using the measured emission rates for each test, rather than the average emission rate for a 
particular wind speed. Third, the procedures used by API to compute estimates were replicated using 
average emission rates for a given wind speed, but with only a single observation at each wind speed 
rather than replication of the averages. 

The results for the individual test conditions are presented in Table 5-3. Note that the 
coefficients generated using the nonlinear models are quite different than both the API coefficients and 
the coefficients generated by MRI using linear model analyses on log transformed data. Examination 
of the residuals from the different analyses suggested that the linear model approaches provided better 
fits and were more consistent with model assumptions than were the nonlinear model results. 
Consequently, the linear model approach used by API is considered appropriate. 

There were some differences in the specific coefficients for the different linear model 
approaches, but they were relatively minor. Furthermore, the values of Sj^j^ and n tend to adjust in 
opposite directions. Consequently, although using the actual data rather than the average data would 
have been more appropriate, the results differ so little that modification of the estimating equations is 
not warranted. 

5.1.1.2.3 Linearity assumption . To address the third question, two alternative average 
estimates were computed. The first replicated the API procedures, but measured, rather than average, 
emission rates were used. The second procedure was fundamentally different in that emission rates 
were computed at 0.5 mph increments from 0.5 mph to 14 mph, weighted average emission rates were 
computed at each wind speed (using the appropriate ratio for secondary seal performance at that wind 
speed), and a linear regression equation was fit to log transformed net emissions and log transformed 
wind speeds to estimate coefficients. The results of the analyses are described below. 

Estimating equation coefficients and estimated emission rates were calculated at wind speeds 
of 4, 8, and 12 mph in imits of Ib-mole/ft-yr for three averaging techniques. The first MRI technique 
was comparable to the API technique described above, but actual, rather than average, emission data 
were used in the computations. The second MRI technique involved computation of average 
emissions at wind speeds over the range of 0 to 14 mph and fitting a regression model to the 
computed values. The second MRI procedure provides better estimates if the ratio procedures used to 
estimate emissions result in extreme nonlinearities. Table 5-4 summarizes the results of using the 
altemative averaging techniques. The coefficients varied somewhat, but the effects on emissions were 
minimal, particularly in light of the uncertainties in the estimates. Average emissions for the 
12 scenarios of interest varied little as a function of averaging method. Again, these analyses indicate 
that the equations generated by API are acceptable and provide no reason to modify the equations. 

5.1.1.2.4 Effect of rim-seal type and gap size on rim-seal performance . As noted previously, 
no specific test tank data were available for six of the primary/secondary rim-seal configurations. For 
each of those configurations, a comparison case was used to estimate the reduction in emissions 
associated with applying a secondary rim-seal. An assumption embedded in these computations is that 
the emission reduction, or the incremental control efficiency, achieved by a secondary rim-seal is not 
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affected greatly by the type of primary rim-seal or rim-seal gap size. To evaluate this assumption, 
analyses were conducted to assess the effect of primary rim-seal type on secondary rim-seal 
performance, the effect of primary seal gap size on secondary rim-seal performance, and the effect of 
secondary seal gap size on secondary rim-seal performance. 

To evaluate the effect of primary rim-seal type on secondary rim-seal performance, three cases 
were compared. The results are graphically presented in Figures 5-1 and 5-2, respectively. For both 
emission rates and reduction percentages, the rim-mounted secondary seal appears to perform 
comparably for mechanical shoe and liquid-mounted primary rim-seals (API estimate), but quite 
differently for vapor-mounted primary rim-seals. Because the comparison results were not used for 
vapor-mounted rim-seals in the API analyses, these results provide no basis for modifying any of those 
emission factors. However, they do suggest that care should be taken in evaluating secondary rim-seal 
performance on future tests conducted under the new protocol being developed by API for certifying 
loss factors for new rim-seal configurations. 

To examine the effect of primary rim-seal gap size on secondary rim-seal performance, five 
cases were examined. Each case involved a rim-mounted secondary seal with no gap. The results are 
graphically presented in Figures 5-3 and 5-4. With the exception of the vapor-mounted seal with no 
primary gap, the data indicated some difference in efficiency at low wind speeds. However, for wind 
speeds above 6 to 7 mph, the data indicated that the primary seal gap size has little effect on 
efficiency. ! These results suggest that the primary seal gap will have little effect on the efficiency for 
cases generated by API, so no changes in the loss factors are recommended. However, the analyses 
again point to the anomalous results for vapor-mounted primary seals, raising some concerns about the 
reliability of those factors. 

Finally, the effect of secondary rim-seal gap size on secondary rim-seal performance was 
examined! ; A series of five cases were examined. The results are graphically presented in Figures 5-5, 
5-6, 5-7, 5-8, and 5-9. The results suggest that even a small difference in secondary seal gap size can 
affect seal performance. Generally, the results show that performance improves with increasing wind 
speed for gap sizes 2 in^/ft or less, but tends to deteriorate with increasing wind speed for larger gap 
sizes. 

The analyses suggested that secondary rim-seal performance is strongly affected by gap size. 
Given the limitations in the current data base, no modifications to the loss factors based on these 
findings are recommended at this time. However, the strong effect of gap size on performance for 
vapor-mounted rim-seals suggests that further analysis of these rim-seals is warranted. Also, the effect 
of gap size on performance has implications for the design of test programs to demonstrate the 
performance of new rim-seal configurations. 

5.1.1.2.5 Uncertainty estimates . Uncertainty estimates were developed at two levels (unique 
test cases and average estimating equations) for two estimation scenarios (individual tanks and a tank 
population mean). When the equations are applied to populations of tanks, the uncertainties are 
generally quite reasonable. However, the uncertainties for the equations when applied to individual 
tanks are quite large. Also, the uncertainties for vapor-mounted rim-seals are quite large in 
comparison to those for shoe-mounted and liquid-mounted rim-seals. With the exception of the vapor- 
mounted rim-seals, the upper bound for the population mean was generally within a factor of two of 
the point estimate. 
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Figure 5-1. Emissions after a rim-mounted secondary seal as a function of primary seal type. 
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Figure 5-2. Efficiency of rim-mounted secondary seal as a function of primary seal type. 
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Figure 5-3. Emissions after a rim-moimted secondary seal as a function of primary seal gap size. 
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Figure 5-4. Efficiency of a rim-mounted secondary seal as a function of primary seal gap size. 
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Figure 5-5. Effect of secondary gap on efficiency: 
Case 1 -vapor mounted primary with 1 inch gap. 
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Figure 5-6. Effect of secondary gap on efficiency: 
Case 2~shoe mounted primary with 9.4 inch gap. 



5-17 



LO 



0.9 



\ 



0.8- 



0.7- 



I 



s 

S 0.6 

o 

CO 



I 

e 

8 

CO 



0.4 



0.3 



0.2 



01- 



0.0 



\ 



\ 

\ / 

/ \ 

/ 
/ 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 



^_ Sec Gap =4.9 

Sec Gap =18 

Sec Gap = 0 



111(11111 



{ I 1 I I I 1 I I ( I I I I I I I I I I 1 I t T I I I I I, I I 1 I I ) I r 1 I I I I 1 I I I I I I I I I I I I I 



012345 6789 10 U12 13 14 

Wind Speed, mph 



Figure 5-7. Effect of secondary gap on efficiency: 
Case 3-shoe mounted primary with 39.2 inch gap. 
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Figure 5-8. Effect of secondary gap on emissions: 
Case 4-shoe mounted primary with 1 inch gap. 
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Figure 5-9. Effect of secondary gap on emissions: 
Case 5~shoe moimted primary with 13.2 inch gap. 
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In conclusion, the results of the analyses performed to verify and evaluate API's calculations 
indicate that the new rim-seal loss factors generated by API are acceptable for use in Section 7.1 of 
AP-42. Although the analyses do indicate that secondary seal gap size does affect rim-seal 
performance, limitations in the data base preclude any recommendation for modifications to the 
factors. However, due to the strong effect of wind speed and gap size on seal performance for vapor- 
mounted seals, further analysis of these seals may be warranted. The results of these analyses should 
also be considered in API's development of test methods to evaluate performance of new rim-seal 
designs. 

5.1.2 Evaluation of Wind Speed Calculation 

The relationship between emissions and wind speed in the floating roof tank estimating 
equations was developed by regressing daily emissions against fixed wind speeds under equilibrium 
conditions. The equation was then modified to generate annual emissions by embedding a multiple of 
365.25 in the equation's constant coefficient and by assimiing that as wind speed varied over the year, 
the average annual emissions could be obtained by evaluating the function at the average wind speed. 
Because emissions and wind speed are related nonlinearly, this latter assumption is not strictly correct. 
A sensitivity analysis was conducted to determine how using the estimating equations at average wind 
speeds rather than averaging the emissions obtained by applying the estimating equations over a 
typical wind speed distribution might effect the emission estimate. 

Infomiation presented by Justus, et al., and Corotis et al., indicates that wind speed 
distributions can be represented reasonably well by a two parameter Weibull distribution.^'^ An 
analysis of the general form of the distribution indicated that the error in the emission estimate 
introduced by applying the estimating equation to the average wind speed rather than averaging 
emissions over the wind speed distribution depends only on the coefficient of variation of wind speed 
(i.e., the ratio of the standard deviation to the mean of wind speed) and the wind speed exponent in 
the estimating equation. The error in the estimate increases as the coefficient of variation increases 
and as the exponent moves away from 1. (Both methods produce the same result if the exponent 
equals 1). The Justus et al., and Corotis et al., papers also provided information on typical values for 
those parameters that could be used to evaluate possible errors. For an exponent of 1.5, the estimate 
obtained using the average wind speed was 7 to 11 percent lower than the estimate obtained by 
averaging over the wind speed distribution when the coefficient of variation was in the range of 0.45 
to 0.6. For an exponent of 0.4 using the same range of coefficient of variation, the estimates obtained 
using the average were 2 to 5 percent higher than estimates obtained by averaging over wind speeds. 
However for an exponent of 2.6, the estimates obtained using average wind speed were 30 to 
45 percent lower than those obtained by averaging over wind speeds. These results suggest that if the 
estimating equations are used with exponents in the range of 0.4 to 1.5, using average wind speeds 
produces reasonable results. However, if the application involves larger exponents, the use of wind 
speed distribution data should be considered to improve the accuracy of the estimates. 

5.1.3 Evaluation of Diameter Function and Product Factor 

Because the data base that could be used to evaluate alternative diameter exponents for the 
floating roof tank estimating equations is quite sparse, the mathematical techniques used by API in the 
analysis are straightforward. As such neither the data nor the analytical procedures lend themselves to 
complicated statistical procedures. The procedures used by API are reasonable and the results of the 
analyses are supported. No change in the diameter exponent of 1 is recommended. However, the 
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paragraphs below briefly describe the API analyses and summarize the available information on the 
uncertainty associated with the diameter exponent. 

Field test emission data were collected for three tanks (denoted as C, T, and P) to evaluate the 
effect of tank diameter on emissions. To conduct the evaluation, API identified appropriate CBI test 
tank conditions that matched the field test conditions. For tanks T and P, CBI test conditions were 
found that closely matched the field tank. However, for tank C no directly applicable conditions were 
found, so multiple conditions were used to simulate the tank C conditions; consequently, the results for 
tank C are less reliable than those for tanks P and T. Estimating equations were then developed based 
on those field tank-specific test conditions, and emissions fi"om the field tanks were estimated using 
those equations with different diameter exponents. 

The results of the analyses, which are shown graphically in Figure 5-10, suggest that 1 is a 
reasonable exponent, particularly for tanks that are higher emitters. The error bands for the field tank 
emission estimates suggest that the exponent can reasonably be expected to be within the range of 0.7 
to 1.2. If this range of exponents is applied to a 100 foot diameter tank, the emission estimate ranges 
fi-om 25 percent to 250 percent of the estimate obtained for an exponent of 1. Hence, even though the 
exponent uncertainty is relatively small, it does introduce substantial uncertainty into the emission 
estimates. 

The procedures used by API to develop the product factors for crude oil and gasoline products 
are outlined in the documentation file of Appendix E of the 1983 Edition of API 25\1? The 
procedure relies on a straightforward comparison of paired test conditions that had the same seal 
configurations but different stored products. For the crude oil analysis, three test pairs that had 
different seal configurations and a wide variability in wind speeds were used. For each of the six test 
conditions, a regression model was fit for log emissions versus log wind speed. Resultant emission 
estimates at 5, 10, and 15 mph were then adjusted for vapor pressure and molecular weight and the 
ratio was compared. The results for the three scenarios produced product factor estimates of 0.28 and 
0.32 for configurations with a primary seal only and 0.51 for a configuration with a secondary seal for 
an overall product factor of 0.4 for crude oil. 

Replication of the regression analyses conducted by API verified these results. Furthermore, 
these analyses indicated that the uncertainty associated with the three individual product factors and 
the average factor was quite small. Based on the variances of the regression coefficiencies, the 
95 percent confidence intervals for both the individual pairs and the average are estimated to be on the 
order of ± 10 percent. Hence, the product factor is likely to provide precise estimates over a large 
tank population. However, the large difference in the factor for different scenarios suggests that the 
factor could introduce substantial error for a single tank. Hence, the use of K^^ = 0.4 for crude oil is 
recommended for AP-42. 

During the IFRT, 20-fl diameter pilot scale studies conducted by CBI, several tests were 
conducted during each phase for which the only difference was the vapor pressure of the octane/ 
propane mixture. Tests were available under the same conditions for the single-component stocks with 
n-hexane and n-octane stored in the tank. The emission data for each test condition were regressed 
against true vapor pressure. These regression lines were demonstrated graphically to provide a good 
fit to the octane/propane data. Furthermore, with one exception, the regression lines generated 
estimates for the single-component tests that were greater than or equal to the measured values. The 
single exception was an n-octane test during Phase I, under tight seal conditions, with a very low true 
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Figure 5-10. Calculated losses as a function of diameter exponent. 

5-23 



vapor pressure (0.3 psia). Given these results, API determined that a product factor of 1.0 for single- 
component stocks provides a conservative emission estimate. 

As a part of this review, MRI corroborated the API results. Given the limited quantity of data 
on single-component stocks, the procedures used by API are reasonable. The single problem point 
appears to be an anomalous data point. Hence, the use of = 1 .0 for single-component mixtures is 
recommended for AP-42. 

5.1.4 Deck Fitting Loss Factors^ " 

5.1.4.1 Development Methodology . The floating roof tank fitting loss estimating equations 
involve three loss factors: the zero wind speed loss factor, or equation intercept, (K^), wind speed 
dependent loss factor (Kj^), and wind speed exponent (m). Factors were developed for both slotted and 
unslotted guide poles under a variety of control scenarios that involved the application of gaskets, 
floats, float wipers, pole sleeves, and pole wipers. Other fittings used to develop the estimating 
equations were deck legs assumed to have a 3 in. diameter opening, a gauge hatch/sample port 
assumed to have a 8 in. diameter opening, a vacuum breaker assumed to have a 10 in. diameter 
opening, an access hatch assumed to have a 24 in. diameter opening, a gauge-float well assumed to 
have a 20 in. diameter opening, and a deck drain assumed to have a 3 in. diameter opening. With the 
exception of the deck leg and deck drain fittings, all fittings were tested with and without gasketing. 

The tests were performed in a wind timnel, at wind speeds of 0, 4.3, 8.5, and 11.9 miles per 
hour. The deck fitting was moimted on a product reservoir that rested on a digital platform scale. The 
top of the deck fitting extended into the wind tunnel. Precise measurements of the test-facility weight 
were used to obtain data on cumulative evaporative loss over time; the duration of each test depended 
on the loss rate for a particular fitting. For slotted guide poles, tests were conducted with the slots 
oriented at different angles to the primary wind direction through the tunnel. Details of the guide pole 
test procedures and the raw data from the test are contained in the May 1994 addendum to API 
Publication No. 2517 and its background documentation.^ Details of the other fitting test procedures 
can be found in Volume 1 of the Final Report, Testing Program to Measure Evaporative Losses fi-om 
Floating Deck fittings, dated October 1, 1993. 

The deck fitting loss factor estimating equations were developed by CBI/API using a three 
stage procedure, outlined below. 

1. The raw data from each fitting test for cumulative loss versus time were fit to either a 
linear or quadratic polynomial in time using a least squares analysis, and the initial loss rate for each 
test was determined by evaluating the derivative of the polynomial at time zero. 

2. For each combination of fitting and wind speed, an average initial loss rate was determined 
by taking the arithmetic average of all initial loss rates obtained for that combination of fitting and 
wind speed. This process generated four data points for each fitting, one point for each wind speed. 
Note, however, that in some cases, only one test was conducted, and this single test value was used as 
the average initial loss rate for that combination of fitting and wind speed. 

3. For each fitting, a software package, "Table Curve for Windows™," was used to fit the 
four data points to a curve of the form: 
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Kt: + Kx 



where: 

Kp = Fitting loss factor, Ib-mole/yr 

Kp = Zero wind speed fitting loss factor, Ib-moIe/yr 

Kp^ = Wind speed dependent fitting loss factor, lb-mole/(mph)'Vr 

V = Ambient wind speed, mph 

m = Wind-dependent loss exponent, dimensionless 



The software used by API utilized a Levenburg-Marquardt algorithm, a standard technique for 
nonlinear curve fitting, to fit this curve. To force the intercept of the function (Kp ) to fit the data 
exactly, the algorithm was modified to give a large weight to the zero wind speed &ata point. 

The results of MRI's analyses of the deck fitting factors recommended by API are presented in 
the following sections. The analyses of guide pole fitting and other deck fittings are discussed 
separately. 

5,1.4.2 Evaluation of the Guide Pole Deck Fitting Loss Factors . There were four primary 
concerns about the statistical methods used by API to evaluate the data. First, the method used to 
force the equation through the measured zero wind speed data point prevented obtaining meaningful 
information about the goodness of fit of the equation to the data. Because Kp is simply a linear 
transformation of the equation from the intercept, a much better method for forcing the equation 
through the zero wind speed data point is simply to subtract that intercept from the other data points 
and fit a two-parameter equation to the remaining three data points. . . 

The next two concerns involved the method used to average the data. If the relationship 
between evaporative loss and wind speed is the hypothesized power function, then evaporative loss 
and wind speed are linearly related on a log-log scale. If that assumption holds, then averaging 
emissions on the log scale rather than the linear scale appears to be more appropriate. Also, the data 
indicate that loss rate is strongly related to slot orientation relative to wind direction. There were 
sometimes different numbers of tests for different slot orientations, so equal weighting of orientations 
rather than equal weighting of individual tests appears to be more appropriate. 

The final concern was whether or not the use of an overall strategy that analyzed averaged 
data on a fitting-specific basis to obtain parameter estimates was more appropriate than the use of a 
more general modeling strategy that used individual test data modeled concurrently to obtain both 
parameter estimates and their standard errors. Use of averages masks the inherent variability among 
the tests and makes any assessment of the precision of the estimates unreliable, while a more general 
modeling strategy provides better insight into the relationship of the performance of the different 
control strategies. Outlined below are the approaches that were used to analyze the data and address 
the above concerns. 
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5.1.4.2.1 Slotted guide poles . 



Fitting specific analysis . For slotted guide poles, three alternative fitting-specific modeling 
strategies were examined. For the first (MRI-1), the equation was forced through the measured data 
point by subtracting the zero wind speed value for a particular fitting from the nonzero wind speed 
values for that fitting. The resultant values were then averaged arithmetically, and the parameter 
estimates were obtained by fitting a linear equation to log transforms of loss rate and wind speed 
rather than fitting a nonlinear equation to the raw values. This first approach provides an assessment 
of modifying the approach to forcing the curve through a particular intercept and of using a linearized 
approach to fitting the equation rather than a nonlinear curve fit approach. The second and third 
approaches (MRI-2 and MRI-3) both used weighted regression approaches that employed test-specific 
loss rates rather than averages. This weighted approach resulted in "averaging" on the log transformed 
scale rather that on the linear scale. The MRI-2 approach gave equal weight to each test, while MRI-3 
gave equal weight to each wind orientation. 

Eleven different control scenarios that involved the application of gaskets, floats, float wipers, 
pole sleeves, and pole wipers to slotted guide poles were tested. Two additional tests, fitting Nos. 3 1 
and COl, were conducted after these analyses were performed. Data from these tests were also used in 
developing slotted guide pole loss factors. Table 5-5 identifies each of the slotted guide pole fitting 
configurations and compares the parameter estimates for each of the analysis methods. For seven of 
the configxirations, an equal number of tests was conducted at each slot orientation at any given wind 
speed, so the results for the last two methods are equal. From Table 5-5, it can be seen that parameter 
results produced by the different methods vary considerably. However, graphs of the estimating 
equations indicate that substantially different loss rates are estimated for most configurations only at 
low wind speeds. Only for fitting Nos. 20 and 30 are the loss rates at high wind speeds substantially 
different. Further, when the differences are substantial, the two methods that use "averaging" on the 
linear scale (API and MRI-1) consistently predict higher emissions than do the methods based on log 
scale analyses. This difference is a result of the greater relative weight given to the large values on a 
linear scale. 

The results of this analysis indicate that the estimating equations generated by API will 
provide conservative estimates of VOC loss rates. At wind speeds of 12 miles per hour or less, the 
positive bias will be relatively small for most fittings and will be less than a factor of 2 for all fittings 
except No. 30. This fitting had a float that fit tighter to the guide pole than is typical, but did not 
have a float wiper. This is not a design in actual use. The apparent rationale for this test was to 
determine whether this design could be considered equivalent to a standard float. The measured losses 
were slightly lower at 0 mph, but about twice as high at typical wind speed levels, as compared to a 
standard float. 

General model analyses . The use of a more general modeling strategy that used individual test 
data modeled concurrently to obtain both parameter estimates and their standard errors was 
investigated. A general model analysis was performed to provide more information about the relative 
performance of the different control strategies and evaluate the precision of the parameter estimates. 
There were two stages in the analysis. The first was an analysis of the zero wind speed data to 
determine equation intercepts (Kp ). The second used the nonzero wind speed data to determine the 
wind speed coefficient (Kp ) and exponent (m). This approach was selected over a single modeling 
effort for two reasons. First, it assures that the intercept term will be nonnegative, which is a physical 
constraint of the system being modeled. Second, because measured emissions at zero wind speed were 
quite low for all fittings, any errors introduced by using only the zero wind speed data to generate the 
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TABLE 5-5. COMPARISON OF SLOTTED GUIDE POLE PARAMETER ESTIMATES 





Control measure 


Estimation 
technique 


Parameter estimate 


Fitting 


Gasket^ 


Float*' 


Pole sleeve® 


Pole wiper^ 




Kk 


m 


1 


A 
U 


n 
v 




n 
u 


APT 
Arl 


4S 4 




0 074 












MRI-1 




AH 1 

401 


1 1 A 

1.10 












MRI-2 




loO 


1 K.A 

1.54 












MRI-3 




1 

loO 


1 C/l 


25 


1 
1 


u 


A 

u 


A 

U 


API 


4U. / 


J 1 1 


1 9Q 
1 .zy 












MRI-1 


4U.O 


j04 


1 99 

1 .zz 












MRI-2 


4U.O 


JoO 


1.1 / 












MRI-3 


A(\ A 


joO 


1 1 9 
1.1 / 


3 


u 


1 


A 

u 


A 

u 


API 


t 


1 no 

lUZ 


1 71 












MRI-1 




J /.J 


9 1 S 
Z. 1 ^ 












MRI-2 






9 90 

z.zy 












MRI-3 






9 19 
Z.IZ 


26 


1 
1 


1 
I 


A 
U 


A 
U 


A T>T 
API 




0 OA 


9 ^4 

Z. J*T 












MRI-1 






1 04 












MRI-2 




oo. 1 


1 04 












MRI-3 


Zj.O 


J J. 1 


1 04 


20 


1 

1 


u 


A 
U 


1 
1 


A T>¥ 

API 


41. Z 


1 jU 


1 9*^ 
1 .Zj 












MRI-1 


/1 1 9 
41.Z 


on 1 


1 An 

1 .4U 












MRI-2 


/1 1 9 
41.Z 


4 /.y 


1 

1.4 J 












MRI-3 


/t 1 9 
41.Z 


4 /.y 


1 4^ 
1.40 


2 


•1 

1 


fi 

u 




A 
U 


API 


10. J 


1 JZ 


1 1 0 

i.iy 












MRI-1 


1 A 4 
10.4 


jy.4 


1 77 












MRI-2 


10.4 


4 09 

4.yz 


9 4^ 
Z.4D 












MRI-3 


10.4 


91 4 


1 R9 
1 .oZ 


30 


1 
1 


J 


0 


1 
1 


API 




1 T 7 

1 J. / 


1 04 












MRI-1 


13.8 


9.47 


2.10 












MRI-2 


13.8 


10.2 


1.70 












MRI-3 


13.8 


10.4 


1.67 


23 


1 


2 


0 


1 


API 


17.9 


54.2 


1.10 












MRI-1 


17.9 


16.9 


1.62 












MRI-2 


17.9 


13.5 


1.58 












MRI-3 


17.9 


13.5 


1.58 
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TABLE 5-5. (continued) 





Control measure 


Estimation 
technique 


Parameter estimate 


Fitting 


Gasket^ 


Float*' 


Pole sleeve^ 


Pole wiper^ 






m 


4^ 


1 


1 


0 


1 


API 


24.2 


6.14 


1.95 












MRI-1 


24.2 


24,3 


1.38 












MRI.2 


24.2 


12.2 


1.56 












MRI-3 


24.2 


9.14 


1.64 


24 


1 


2 


1 


1 


API 


19.2 


6.19 


1.25 












MRI-1 


19.2 


14.5 


0.953 












MRI-2 


19.2 


15.0 


0,935 












MRI-S 


19.2 


6.99 


1.19 


29 


1 


1 


1 


2 


API 


9.09 


13.4 


0.512 












MRM 


9.09 


15.0 


0.457 












MRI-2 


9.09 


15.0 


0,456 












MRM 


9.09 


15.0 


0.456 



^ = control measure not implemented; and 1 = control measure implemented. 

^0 = no float used; 1 = float with 0.25 inch gap and wiper 1 inch above cover; 2 = float with 0.25 inch 
gap; and wiper at cover elevation; and 3 = float with 0.125 inch gap and no wiper. 

*^0 = no pole wiper; 1 = pole wiper at sliding cover elevation; and 2 = pole wiper 6 inches above sliding 
cover. 

*^API = API estimates published in addendum to API Publication No. 2517; MRI-1 = results of MRI 
analyses using a linear regression technique with different wind orientations averaged on a linear scale; 
MRI-2 = results of MRI analyses using a linear regression technique with different wind orientations 
averaged on a log scale; and MRI-3 = results of MRI analyses using a linear regression technique with 
different wind orientations averaged on a log scale weighted so that each direction received equal weight. 

®API excluded two tests (4BNF and 8AWG) from their analysis for fitting No. 4. MRI included these tests 
in the analysis. Subsequent conversations with API indicated that there were valid reasons for eliminating 
these tests. 
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intercept are expected to be small relative to the overall errors in the data collection and analysis 
procedures. 

Because only a single data point was obtained for each fitting at zero wind speed, the quantity 
of data was insufficient to model statistically. The data were examined visually, and engineering 
judgment based on the relative magnitude of the loss factor and the fitting configuration was used to 
determine which groups of data to average. An average zero wind speed loss was determined for 
fitting Nos. 2, 23, and 24; fitting Nos. 4 and 26; and fitting Nos. 25 and 20. For all other fittings the 
measured loss rate at zero wind speed was used for Kp . 

Since Kp was fixed in stage 1, a linear model approach based on log transforms of loss rate 
and wind speed was used in stage 2 to determine Kp and m. The linear model approach has the 
advantage over a nonlinear modeling approach by having an exact analytical solution to the least 
squares normal equations. To develop the linear models, the appropriate value for Kp was subtracted 
fi-om each initial loss rate and logs of the residual loss rate and wind speed were detennined. Then a 
sequence of linear models was fit starting with a saturated model with individual estimates of Kp^ and 
m for each of the fittings. The saturated model was subsequently reduced by removing parameters 
that had no significant effect on the ability of the model to fit the measured data. A weighted 
regression approach was used, with each slot orientation equally weighted. 

The saturated model generated the same parameter estimates as those generated by the 
weighted regression method MRl-1. The final reduced model contained six parameters: four to 
estimate Kp and two to estimate wind speed exponents. For all fittings except No. 29, which had a 
pole wiper ^ inches above the sliding cover instead of at the cover level, a single wind speed exponent 
of 1.6 fit the data well. Fitting No. 29 had a wind speed exponent of 0.45. The four parameters to 
estimate log Kp were found to be linear combinations of four types of fitting controls (gasket, float 
[with float location being unimportant], pole sleeve, and pole wiper at the sliding cover level). The 
resultant parameter estimates and their standard errors are presented in Table 5-6. For the uncontrolled 
fitting, the estimate of log (Kp ) is 2.3. Adding a gasket reduces log (Kp ) by 0.13, a float by 0.36, a 
pole sleeve by 0.63, and a wiper at the sliding cover by 0.72. The use of''this method allows direct 
comparison of the effects of particular control options and reduces the standard errors of the parameter 
estimates, thereby providing more precise and stable estimates. 

The results of the analyses showed that some of the control configurations tested were not 
statistically different (i.e., represented the same level of control). The control configurations tested and 
the corresponding control groups are shown in Table 5-7. As shown in Table 5-7, 13 guide pole 
configurations were tested that represented 7 distinct control levels. The results of the analysis showed 
that (1) the addition of a gasket to the sliding cover does not result in any appreciable reduction in 
emissions for the two configurations tested in both the gasketed and ungasketed condition, (2) the 
presence of a float in the guide pole tends to reduce emissions, however, for the two configurations 
tested (height of the float top or wiper at or 1 inch above the sliding cover) the height of the float 
wiper in the guide pole is not a critical factor, and (3) when a pole sleeve is employed, the height of 
the float or float wiper (at the sliding cover, 1-inch above the sliding cover, or 5-inches below the 
sliding cover) does not have a significant impact on emissions. 

Conclusions . The general modeling approach does provide valuable information regarding the 
contribution of the different controls and was useful in providing information for deciding how to 
group the different fittings for establishing the AP-42 factors. However, in some cases, factor-specific 
linear regressions provide better estimates for the specific factor than the general model. 
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Furthermore, in the near future API plans on establishing test protocols that will allow 
manufacturers/users of tank components to evaluate evaporative losses from new deck fitting 
configurations. Consequently, establishing fitting-specific evaporative loss factors makes sense. 
Therefore, the factor-specific individual regression parameter estimates (Method MRI-3) are 
recommended for use in AP-42. 

Since the analysis showed that the presence of a sliding cover gasket has relatively little effect on 
emissions, separate factors for gasketed and ungasketed covers are not warranted. Consequently, the 
parameter estimates from fitting Nos. 1 and 25, and 3 and 26 were combined to provide recommended 
AP-42 factors for slotted guide poles with a gasketed or ungasketed sliding cover and slotted guide poles 
with a gasketed or ungasketed sliding cover and a float, respectively. Similarly, because the analysis 
indicated that for the configuration tested float height had little effect on emissions, the parameter 
estimates for fitting Nos. 23 and 4 and for fitting Nos. 24, COl, and 29 were combined to provide the 
recommended AP-42 loss factors for sliding cover, with float and pole wiper and sliding cover with float, 
pole sleeve, and pole wiper, respectively. Data for fitting Nos. 2 and 3 1 were combined, since fitting 
No. 3 1 is identical to fitting No. 2, but was tested after the initial test program was completed. Since 
fitting No. 30 is not typical of fittings in use, a fitting factor for this fitting configuration is not being 
recommended for AP-42. 

In cases where parameter estimates for fittings were combined, the calculation was as follows: 

1. For (Kp ), average of the Kp values estimated for the individual fittings; 

2. For (Kp^), average of the logtKp ) values estimated for the individual fittings; and 

3. For (m), average of the m values estimated for the individual fittings. 

Table 5-7 presents the recommended fitting factors for slotted guide poles. 
5.1.4.2.2 Unslotted guide poles . 

Data analysis . A single alternative modeling strategy was used to analyze the data gathered 
from the five unslotted guide pole configurations. First, for each fitting the zero wind speed loss 
estimate was subtracted from each data point. For the three resulting data points, a linear model was 
fit for the log of the loss factor versus the log of wind speed. This equation is equivalent to the power 
function defined earlier with the intercept removed. The parameter estimates obtained for unslotted 
guide pole fittings by API and by this alternative method are presented in Table 5-8. The parameter 
estimates obtained by the two methods differ somewhat but the resulting equations have very similar 
predicted emissions over the applicable wind speed range. The equations that do differ display the 
largest differences in absolute magnitude at wind speeds of 15 miles per hour. Since all the data used 
to generated the estimating equations were obtained at wind speeds less than 12 miles per hour, the 
reader is cautioned against applying the equations at wind speeds above 12 miles per hour. With this 
caution, the API equations for unslotted guide poles were found to provide acceptable estimates of 
VOC evaporative loss rates. 

Conclusions . The unslotted guide pole parameters calculated by API using a curve fitting 
procedure provide reasonable predictions of VOC evaporative losses. Midwest Research Institute 
analyzed the data by an alternative approach using a simple linear regression. In order to force the 
intercept of the fitting equation through the measured loss rate at zero wind speed (Kp ), the measured 
loss rate at zero wind speed was subtracted from the loss rates of other wind speeds, 'then, the 
remaining nonzero wind speed data were plotted on a log-log scale and a linear regression performed 
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TABLE 5-8. COMPARISON OF UNSLOTTED GUIDE POLE PARAMETER ESTIMATES 





Control measure^ 




Parameter estimate 


Fitting 


Gasket 


Float 


Pole 
sleeve 


Pole 
wiper 


Estimation 
technique 




Kph 


m 


1 D 


0 


0 


0 


0 


API 


31.1 


372 


1.03 












MRI 


31.2 


148 


1.44 


28 


0 


0 


1 


0 


API 


25.0 


0.0267 


4.02 












MRI 


24.9 


2.21 


2,12 


27 


I 


0 


0 


0 


API 


25.0 


1.05 


3.26 












MRI 


24.9 


12.8 


2.18 


17 


1 


0 


0 


1 


API 


13.7 


5.78 


0.587 












MRI 


13.7 


3.73 


0.781 


19 


1 


0 


I 


0 


API 


8.63 


13.8 


0.755 












MRI 


8.63 


12.3 


0.808 



^0 = control measure not implemented; 1 = control measure implemented. 



to obtain the other loss factors (Kp , m). The emission estimating parameters calculated by MRI's 
procedure (and presented in Table 5-8) are recommended for AP-42. 

5.1.4.3 Evaluation of Other External Deck Fitting Loss Factors . Fittings considered in these 
analyses were deck legs assumed to have a 3 in. diameter opening, a gauge hatch/sample port assumed 
to have a 8 in. diameter opening, a vacuum breaker assumed to have a 10 in: diameter opening, an 
access hatch assumed to have a 24 in. diameter opening, a gauge-float well assxmied to have a 20 in. 
diameter opening, and a deck dram assumed to have a 3 in. diameter opening. With the exception of 
the deck leg and deck drain fittings, all fittings were tested under two conditions, one without 
gasketing (uncontrolled) and one with gasketing (controlled). Four deck leg tests were conducted. 
One set of tests was for an ungaskseted deck leg associated with the center of the deck on a double 
deck roof The other three sets of tests were for the pontoon area under three different conditions-no 
control, gasket, and sock. The deck drain was tested imder two conditions, open (uncontrolled) and 
90 percent closed (controlled). 

Three distinct sets of analyses were conducted. The first essentially replicated the procedures 
used by CBI to develop the coefficients for the EFRT estimating equations proposed by API. The 
second also replicated those results, but modified the procedure used to force the equation through the 
measured zero wind speed value for Kp . For the third set of analyses, a nonlinear model was fit to 
the data for all fittings to examine CBI's decision to model some of the fittings with a linear rather 
than a power fiinction. Each of the analyses is described below. 

As described earher (Section 5.1.4.1), the fitting loss equations were developed by CBI/API 
using a three stage procedure. Because the raw data were unavailable at the time of the review, the 
first step of the procedure was not replicated, and all analyses began with the initial loss rates in units 
of Ib-mole/yr generated by CBI. Note that for all fittings (except one) considered in these analyses 
only a single test was conducted at each wind speed, resulting in four data points for each fitting; one 
data point each at wind speeds of 0, 4.3, 8.5, and 1 1 mph. The MRI curve fitting analyses were 
perfomied using SAS procedures that employ the same curve fitting techniques as those used in the 
CBI software package. 
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For the first set of analyses, the zero wind speed data were given a weight of 3,000 and the 
other data points were given a weight of 1. The CBI procedure and MRI repHcation produce valid 
parameter estimates, but they produce incorrect measures of the precision of those estimates. First, by 
weighting a single point heavily to force the intercept (Kp ) of the models to fit the measured zero 
wind speed emission rate, the majority of the "data" fit the curve exactly, giving an incorrect picture of 
the fit. Second, the use of the average emission rate rather than the actual calculated emission rate for 
each test artificially reduces the variability of the estimates (this only relates to fitting No. 5, 3 in. roof 
leg— pontoon area/no control; for all other fittings only one test was conducted at each wind speed). 

The second set of analyses incorporated two modifications to overcome these problems. First, 
to force the models through the measured intercept, the calculated emissions at zero wind speed were 
subtracted firom the calculated emissions at the other wind speeds. Then, simplified models that 
excluded the term Kp were fit using only the nonzero wind speed data. Second, the actual calculated 
values for each test were used in the analyses, rather than the average values at each wind speed. 
(Note that this second modification only affected fitting 5 because all other fittings had only one test at 
each wind speed.) This second set of analyses produced essentially the same parameter estimates as 
the first set, but it provided a more reliable measure of the precision of the estimates. 

The final set of analyses was conducted using basically the same methods as the second set, 
but a power curve was fit for all fittings. The purpose of this last set was to examine the basis of the 
decisions by CBI to use a linear predictor rather than a power curve for some of the fittings. 

The results of the first two sets of analyses are shown in Tables 5-9 and 5-10, respectively. 
Both analyses produced equivalent parameter estimates and replicated those reported by CBI. 
However, the confidence intervals for the second method, which are a much better reflection of the 
actual precision of the estimates, are much wider than those for the first method. Also, many of the 
intervals are quite wide relative to the parameter estimates. 

To develop a better understanding of the effect of the uncertainty of these parameter estimates 
on the actual estimated emissions generated from the equations, MRI developed graphs of the 
estimating equations and 95 percent confidence intervals (95 percent CPs) for those estimates. The 
graphical results indicate that for the four roof leg conditions, there is virtually no difference among 
fitting Nos. 6, 7, and 8; subsequent statistical analysis showed that they can be modeled by a single 
equation. Generally, for each of the 6 types of fittings, at lower wind speeds particularly, the 
difference in the estimates for controlled and uncontrolled fittings is of the same order of magnitude as 
the uncertainty in emissions. This uncertainty could be the result of a small sample size or of the 
inherent variability in emissions. 

Further examination of the data for access hatches, vacuum breakers, and gauge-float wells 
raised other concerns about the reliability of the emissions estimates produced by these equations. 
First, although the gauge-float well (20 in. diameter) is intermediate in size between the 10 in. 
diameter vacuum breaker and the 24 in. diameter access hatch, the emissions at high wind speed are 
lower than those from the other fittings. Also, the pattern in reduction from adding a gasket to the 
access hatch is much different than the patterns in reduction from adding gaskets to the vacuum 
breaker or the gauge-float well. The vacuum breaker and gauge-float well show substantial reductions 
at high wind speeds when a gasket is applied, while the access hatch shows essentially no difference. 

The results presented in Table 5-10 indicate an estimated wind speed exponent (m) equal to 1 
for all fittings except Nos. 10, 15, and 21. In other words, a linear correlation between evaporative 
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loss and wind speed was assumed. This assumption is embedded in the approach followed by API in 
the data analysis submitted to MRI. Subsequently, as with the procedure used for other analyses (e.g., 
guide poles and rim-seals), both the net emission rate (at each wind speed) and the measured wind 
speed were log transformed and a least squares regression was performed in order to obtain estimates 
of m and log Kp . These estimates were then exponentiated to obtain an estimate of Kp . The fitting 
loss factors baseS on the linear regression of the log-transformed data are the factors recommended for 
AP-42. Table 5-10 presents these factors in brackets. 

It should be noted that the results for the ungasketed gauge hatch/sample port were interpreted 
differently than the other fittings. If the raw test data for this fitting are used, the model would predict 
that emissions decrease as the wind speed increases. Since this result is contrary to good engineering 
judgement, the emission losses at varying wind speeds were averaged to determine a single zero-wind 
speed loss factor (Kp = 2.2) for this fitting. Using this approach, it is inherently assumed that there is 
no wind effect on this fitting configuration. Note that API recommended a factor based upon 
averaging the emission losses at zero wind speed only (Kr = 2.3). 

The deck fitting evaporative loss data evaluated as described in the preceding paragraphs were 
obtained fi-om the most recent test program conducted by API. However, this test program did not 
include evaluation of several external floating deck fitting configurations. These configurations 
include: 

1 . Rim vent, gasketed; 

2. Rim vent, ungasketed; 

: 3. Access hatch, bolted cover, gasketed; 

4. Gauge-float well, bolted cover, gasketed; 

5. Deck leg, adjustable, double deck roof; 

6. Deck leg, fixed; 

7. Deck leg, center area, gasketed; and 

8. Deck leg, center area, sock. 

For rim vents, gasketed and ungasketed, the factors fi-om the previous edition of AP-42 are 
recommended: 

(Kp^ = 0.71, Kp^ = 0.10, and m = 1.0 for gasketed rim vents; Kp = 0.68, Kp^ = 1.8, and 
m = 10 for ungasketed nm vents). ^ 

For an access hatch with a bolted, gasketed cover, fitting factors based on the original IFR test 
data for an access hatch with a bolted, gasketed cover are recommended (Kp = 1.6, Kp = 0, m = 0). 
Given the fact that the zero wind speed estimates for common fittings shoulcf be equivafent for both 
types of floating roofs, it is consistent to use the zero wind speed factor for an IFR tank for an EFR 
tank also. In addition, it is not anticipated that there would be any wind effects on an access hatch 
with a bolted, gasketed cover. In the case of the gauge-float well with a bolted, gasketed cover, the 
IFR factor firom the previous AP-42 edition for the same fitting was also examined. The original zero 
wind speed (IFR) factor for the gauge-float well was 5.1. However, an examination of the basis of the 
original IFR factor revealed that the zero wind speed factor was based on a sum of the zero wind 
speed factor for an access hatch with a bolted, gasketed cover and three times the zero wind speed 
factor for a 1-in. stub drain. The rationale behind the development of this factor was that the gauge- 
float well was approximately the same size ais the access hatch and the fact that there are typically 
three small penetrations in the top of the float well cover in an IFR tank. One of the small 
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penetrations was for the cable that connected to the float in the well. Mr. Rob Ferry of TGB indicated 
that the other penetrations were sealed off for the most part. In reexamining the development of the 
zero wind speed factor for the gauge-float well, it was determined that the factor should be based on 
the sum of the zero wind speed factors for the access hatch with a bolted, gasketed cover and the 1-in. 
stub drain. Thus, the 1-in stub drain was added in only once and not three times. This revision is 
recommended because on EFR tanks there is typically only one small penetration in the gauge float 
well to allow the cable to pass through for the float; also, on IFR tanks to the remaining two 
penetrations are for the most part sealed off The revised factors are Kp = 2.8, Kp^ = 0, m = 0. 

The same factors for the adjustable deck leg, center area, are recommended for the adjustable 
deck leg for double deck roofs (Kp = 0.82, Kp = 0.53, m - 0.14). The fixed deck leg factors (0) 
from the previous edition remain unchanged. ^ 

Factors for center-area deck legs with gaskets and socks were developed using the factors for 
pontoon-area deck legs.^"^ Loss factors were derived using a method similar to that used to develop 
rim seal loss factors when no test data were available for certain configiu*ations. The percent 
reductions achieved by gaskets and socks on pontoon-area deck legs were applied to the ungasketed 
center-area leg at wind speeds of 0, V|, and Vj mph (where V; = 10'^^^ mph and Vj = 4 mph) and the 
form of the loss equation was assumed to be: 

E = Kp + Kp v"" 

where: , 

deck leg loss, Ib-mole/yr 
zero wind speed loss factor, Ib-mole/yr 
wind-dependent loss factor, lb-mole/mph"^-yr 
ambient wind speed, mph 
wind speed exponent, dimensionless 

By assigning the 0 mph loss value to Kp , Kp and m are determined using the derived loss values at 
Vj and Vj. ^ ^ 

Note that IVi in. deck legs were not tested during the most recent tests by API. This size roof 
leg is atypical; consequently, factors for these fittings are not recommended in this edition of AP-42. 

Conclusions . The deck fitting parameters calculated by API using a simple linear regression 

provide reasonable predictions of evaporative losses. However, to be consistent with procedures used 

for determining the loss factors for other fittings, data analysis procedures based upon a linear 

regression of log-transformed wind speed and evaporative losses are recommended for developing 

factors for deck fittings. However, for the ungasketed gauge hatch/sample port fitting test data, this 

approach results in factors that predict decreasing emissions with increasing wind speed. Since this 

result is contrary to good engineering judgment, a single zero wind speed loss factor based upon the 

average losses measured at zero wind speed is recommended (Kp = 2.3). 

*^a 

5.1.4.4 Evaluation of Other Internal Floating Deck Fitting Factors . Internal floating roof 
tanks are equipped with a fixed roof; therefore, the wind effect on evaporative losses is mitigated. The 
individual fitting loss factors for internal floating roof tanks are represented by emission measurements 
at zero wind speed. Many of the fittings used on external roof tanks are also used on internal floating 
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roof tanks (i.e., access hatches) or the fittings are of a similar construction between tank types (i.e., 
column wells on IFR's compared to guide pole wells on EFR's). Although the most recent API test 
program did not include internal floating deck fittings, the zero wind speed measurement data for 
similar fittings were used to revise the IFR factors, where applicable. Otherwise, the IFR fitting 
factors from the previous edition of AP-42 remain unchanged. Specifically: 

1. Fixed roof support column well factor. 

a. The round pipe fixed roof suport wells with and without a gasketed sliding cover are 
similar in design to the unslotted guide-pole wells with and without a gasketed sliding cover. 
Therefore, the new fitting factors developed for the unslotted guide pole wells are used for the round 
pipe fixed roof support colunm wells (Kp =31 for ungasketed; Kp = 25 for gasketed). 

b. The factor for a round pipe fixed roof support colunm well with a flexible fabric sleeve 

seal remains unchanged (Kp = 10). 

a 

c. The factors for built-up column fixed roof support wells with a gasketed sliding cover 

(Kp = 33) and without a gasketed sliding cover (Kp = 47) remain unchanged, 
a a 

2. Gauge hatch/sample port with slit fabric seal. This factor remains unchanged (Kp = 12). 

a 

3. Stub drain (1 in.). This factor remains unchanged (Kp = 1.2). 

a 

4. Ladder well with sliding cover, with and without a gasket. These factors remain 

unchanged (Kp = 76 for ungasketed; Kp = 56 for gasketed). 
'^a a 

5. Deck leg for internal floating deck. This factor remains unchanged (Kp = 7.9). 

5.1.4.5 Recommended AP-42 Deck FittinR Loss Factors . The recommended deck fitting loss 
factors for AP-42 are summarized in Table 5-11. 

5.1.5 Development of the Fitting Wind Speed Correction Factor ^^'^^ 

Evaporative loss from external floating roof tanks has been shown to be wind dependent. The 
old EFRT fitting loss estimating equation included the assumption that the wind speed across the deck 
is equivalent to the local ambient wind speed. It is known from field experience, however, that the 
shell of the tank partially shields the floating roof from the wind. Therefore, the fitting wind speed 
correction factor has been added to the deck fitting loss equation to account for the reduction in wind 
speed across the floating roof as compared to the ambient wind speed. This addition results in the 
following form of the fitting loss estimating equation: 
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TABLE 5-11. RECOMMENDED DECK-FITTING LOSS FACTORS, Kp., K^, AND m' 





Loss factors 










m 


Typical number of 


Fitting type and construction details 


1 Vi-m n 1 p/vr^ 




(dimensionless) 


fittings, Np 


Access hatch (24-inch diameter well) 








1 


Bolted cover, gasketed^ 


1.6 


0 


0 




Unbolted cover, ungasketed 


36^ 


5.9 


1.2 




Unbolted cover, gasketed 


31 


5.2 


1.3 




Fixed roof support column well*^ 










Round pipe, ungasketed sliding cover 


31 






(laole 7.1-1 1) 


Round pipe, gasketed sliding cover 


25 








Round pipe, flexible fabric sleeve sea! 


10 








^iiilf-Tin cnliimri iintynQlfptf^H QliHincr pnvpr^ 


47 








Built-up column, gasketed sliding cover 


33 








Unslotted guide-pole and well (8-inch 










diameter unslotted pole, 2 1 -inch 










diameter well) 








1 


Ungasketed sliding cover*' 


31 


150 


1.4 




Ungasketed sliding cover w/pole sleeve 


25 


2.2 


2.1 




Gasketed sliding cover 


25 


13 


2.2 




Gasketed sliding cover w/pole wiper 


14 


3.7 


0.78 




Gasketed sliding cover w/pole sleeve 


8.6 


12 


0.81 




Slotted guide-pple/sample well (8-inch 










diameter slotted pole, 2 1 -inch 










diameter well)® 








f 


Ungasketed or gasketed sliding cover 


43 


270 


1.4 




Ungasketed or gasketed sliding cover, 










with float^ 


31 


36 


2.0 




Gasketed sliding coyer, with pole wiper 


41 


48 


L4 




Gasketed sliding cover, with pole sleeve 


11 


46 


1.4 




fia*ilfeted ^liHina povpt with nnlp cIppvp 










and pole wiper 


8.3 


4.4 


1.6 




Gasketed sliding cover, with float and 










pole wiper^ 


21 


7.9 


1.8 




Gasketed sliding cover, with float, pole 










sleeve, and pole wiper** 


11 


9.9 


0.89 




Unbolted cover, ungasketecr 








1 


14*= 


5.4 


1.1 




Unbolted cover, gasketed 


4.3 


17 


0.38 




Bolted cover, gasketed 


2.8 


0 


0 




Gauge-hatch/sample port 










Weighted mechanical actuation, 










gasketed** 


0.47 


0.02 


0.97 




Weighted mechanical actuation. 










ungasketed 


2.3 


0 


0 




Slit fabric seal, 10% open area*^ 


12 








Vacuum breaker 








N^b (Table T.l-iay 


Weighted mechanical actuation, 


7,8 


0.01 


4.0 


ungasketed 










Weighted mechanical actuation, gasketed** 


6.2^ 


1.2 


0.94 
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TABLE 5-11. (continued) 



.... 

Fitting type and construction details 


Loss factors 


• 

Typical number of 
fittings, Np 


ra 

(Ib-mole/yr) 


(lb-mole/(mph)'"-yr) 


m 

(dimensionless) 


Deck drain (3-inch diameter) 








(Table 7.1-13) 


Open^ 


1.5 


0.21 


1.7 




90% closed 


1.8 


0.14 


1.1 




Stub drain (1-incn uiameter) 


1.2 








Deck leg (3-inch diameter) 








N, (Table 7.1-15), 


Adjustable, internal floating deck*^ 


7.9 






(lable 7.1-14) 


Adjustable, pontoon area - ungasketed 


2.0 


0.37 


0.91 




Adiustable Dontoon area - basketed 


1.3 


0.08 


0.65 




Adjustable, pontoon area - sock 


1.2 


0.14 


0.65 




Adjustable, center area - ungasketed 




ft s'^ 

U.J J 


ft 14 
U. 1 




Adjustable, center area - gasketed"* 


0.53 


0.11 


0.13 




Adjustable, center area - sock"* 


0.49 


0.16 


0.14 




Adjustable, double-deck roofs 


0.82 


0.53 


0.14 




Fixed 


0 


0 


0 




Rim vent*^ 








. 1 


Weighted mechanical actuation, ungasketed 


0.68 


1.8 


1.0 




Weighted mechanical actuation, gasketed^ 


0.71 


0.10 


1-0 




Ladder well 








1^ 


Sliding cover, ungasketed^ 


76 








Sliding cover, gasketed 


56 









^If no specific information is available, this value can be assumed to represent the most common or typical deck fitting 

currently in use for external and domed external floating roof tanks, 
hf no specific information is available, this value can be assumed to represent the most common or typical deck fitting 

currently in use for internal floating roof tanks. 
*^Colunin wells and ladder wells are not typically used with self supported fixed roofs. 
*^A slotted guide-pole/sample well is an optional fitting and is not typically used. 

*^Tests were conducted with floats positioned with the float wiper at and 1 inch above the sliding cover. The user is 
cautioned against applying these factors to floats that are positioned with the wiper or top of the float below the sliding 
cover ("short floats"). The emission factor for such a float is expected to be between the factors for a guidepole without a 
float and with a float, depending upon the position of the float top and/or wiper within the guidepole. 

^Tests were conducted with floats positioned with the float wiper at varying heights with respect to the sliding cover. This 
fitting configuration also includes a pole sleeve which restricts the airflow from the well vapor space into the slotted 
guidepole. Consequently, the float position within the guidepole (at, above, or below the sliding cover) is not expected to 
significantly affect emission levels for this fitting configuration, since the function of the pole sleeve is to restrict the flow 
of vapor from the vapor space below the deck into the guidepole. 

^Nyjj - 1 for internal floating roof tanks. 

|*Stub drains are not used on welded contact internal floating decks. 

|These loss factors were derived using the results from pontoon area deck legs with gaskets and socks. 
••Rim vents are used only with mechanical-shoe primary seals. 
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Kp = Kp^ + Kp^(K^v)' 



where: 



Kp = loss factor for a given deck fitting, Ib-mole/yr 
Kp = zero wind speed loss factor, Ib-mole/yr 
Kp^ = wind speed dependent loss factor, lb-mole/niph"^-yr 

Ky - fitting wind speed correction factor, dimensionless 
V = average ambient wind speed at tank location, mph 

m = deck fitting loss exponent, dimensionless 

While this shielding effect was previously a known phenomenon, no data were available to 
quantify the reduction in wind speed across the deck. Therefore, wind tunnel testing, a roof height 
survey, and an evaluation of field data were conducted to determine the actual reduction. 

The CPP wind tunnel test program modeled EFRT's of 48, 100, and 200 feet in diameter, with 
the floating roof positioned at three different heights in each tank.^^ The roof heights chosen were 
grouped to result in three ranges of roof height as follows: 



(The ratio R/H is the ratio of the floating roof height to the tank shell height.) 

Average horizontal wind speeds were calculated for each roof height range at 28 locations 
across each floating roof. The test program concluded that a single factor could reasonably be used to 
account for the reduction in wind speeds for all areas of the floating roof, at all roof heights and tank 
diameters. This factor was determined by calculating separate correction factors for each of the roof 
height ranges and then calculating a weighted average of these three factors based on an assumed 
distribution of time that the floating roof would spend in each height range. The distribution was 
based on a complete cycle of a floating roof, where the tank begins empty, rises through each height 
range, and then empties back through each range. This assumption results in the following 
distribution: 



This test program determined that the wind speed on the floating roof is about 0.4 times the 
ambient site wind speed in the first two height ranges, but increases to about 0.7 times the ambient at 
the third roof height. Although the third roof height (R/H = 1.0) is not a position that occurs in the 
normal operation of storage tanks, it was conservatively included in the calculation of the weighted 
average correction factor. A value of 0.52 was calculated by CPP for the single fitting wind speed 
correction factor. 

To investigate the validity of the assumption regarding roof height distribution, a survey of 
roof heights was conducted. Forty tanks were evaluated based on 12 consecutive monthly records of 



0.35 < R/H < 0.75 
0.80 < R/H < 0.90 
R/H = 1.0 



0.35 < R/H < 0.75 
0.80 < R/H < 0.90 
R/H = 1.0 



40 percent 
40 percent 
20 percent 
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liquid level. These liquid levels were then compared to the height of the tank shell, and the ratio of 
liquid level to shell height determined. Each ratio was then assigned to one of the height ranges from 
the wind tunnel study, with any readings not falling within a range being assigned to the next higher 
range. This approach resulted in tanks over 0.9 being assigned to the R/H = 1.0 range. The resulting 
distribution was as follows: 



Assigned range 


Assumed distribution, percent 


Actual distribution, percent 


0.35 < R/H < 0.75 


40 


77.7 


0.80 < R/H < 0.90 


40 


15.6 


R/H = 1.0 


20 


6.7 



While the weighted average single factor had assumed the floating roof to be at the top of the 
tank shell 20 percent of the time, in the survey it was found to be in the top 10 percent of the shell 
height only 6.7 percent of the time. The distribution assumed in the wind tunnel test study was 
therefore conservative compared to the distribution determined from this survey. 



Field wind speed data were also evaluated in the analysis of the fitting wind speed correction 
factor. Measurements of wind speed were taken at two extemal floating roof tanks at a petroleum 
refinery over an eleven month period. Site wind speed was measured at a platform located at the top 
of the shell of one of the tanks. Wind speed across the floating roof of each tank was measured at 
two locations on the deck, one near the perimeter arid one near the center of the deck. Both horizontal 
and vertical wind speed were measured. Approximately 30 readings were taken per day. 

Five months worth of data from one of these tanks were evaluated. Daily average wind 
speeds were determined at each of the two locations on the floating roof, as well as at the platform. 
However, in this analysis, only the horizontal wind speed measurements were used. Due to some 
interruptions in the data, only 142 days were included in the evaluation. The wind speeds were 
summed for each measurement location and the ratio of floating roof to ambient wind speed was 
calculated for the two deck locations. The resulting ratios were 0.45 for the outer area of the deck and 
0.53 for the inner area. The resulting average, 0.49, corresponds well with the value of 0.52 calculated 
for the single factor in the wind tuimel test program. A correction factor of 0.5 was adopted by API 
and published in their draft Manual of Petroleum Measurement Standards, Chapter 19, Section 2 ? A 
summary of the analysis and conclusions is presented in the report entitled "Docimientation of the 
Fitting Wind-Speed Correction Factor." 

The single wind speed correction factor developed by API in the wind tuimel test program was 
determined using generally conservative procedures. As stated, the correction factor for the highest 
roof position was weighted at 20 percent, while the roof height survey indicated that the roof would be 
at this height less than 10 percent of the time. Further, the factor was developed based on wind speed 
at an isolated tank. For a tank farm scenario, the wind speed at the tank is expected to be only 
80 percent of the site ambient wind speed. 

The field data were evaluated and used by API to compare to the wind speed correction factor 
developed from the wind tuimel study. The field data were also evaluated by MRI; during MRI's 
review, several questions were raised. Those questions and MRI's evaluation of the field data are 
discussed in the following paragraphs. 



5-43 



During the wind tunnel study performed to determine evaporative loss rates from deck fittings, 
only a horizontal wind speed component was measured; however, the total wind speed was equal to 
the horizontal wind speed (i.e., there was no vertical component). The wind tunnel turbulence was 
much less than that expected on an actual tank (7 percent in the tunnel versus 20 to 100 percent 
expected). Although the effect of turbulence on evaporative loss from fittings is unknown, the CPP 
report indicates that an increase in turbulence may cause an increase in evaporative loss. During the 
testing, the wind speed in the tunnel was held as constant as possible to reduce variability in loss rates 
and provide a stable estimate of the rate at each test condition. Also, only the horizontal wind speed 
vector was measured during the wind tunnel study performed to determine the fitting wind speed 
correction factor, although a vertical wind speed component may have been present. Development of 
the wind speed correction factor by API was based on the wind tunnel data and, consequently, only a 
horizontal wind speed vector. 

The factor API developed from their analysis of the field data agrees well with the factor they 
developed from the wind tunnel study. However, both horizontal and vertical wind speed vectors were 
measured in the field study. Questions regarding what effect the vertical vector of the wind speed has 
on emissions and whether the vertical component should be incorporated into the calculation of the 
wind speed correction factor were raised during MRI's analysis. Since no data exists on the effects of 
the vertical component of wind speed on evaporative loss, it is difficult to assess whether that 
component should be included in the calculation of the wind speed correction factor. 

Another issue concerns the accuracy of the field data. For example, there are some 
measurements of deck wind speed that are mbre than 10 times the ambient wind speed. In addition, 
no information was provided concerning the accuracy of the measurement devices. The field data 
were used as a validation of the wind tunnel study, but it is unclear whether or not the data are 
accurate. 

Finally, the fitting loss factors in AP-42 Section 7.1 are applicable only for wind speeds up to 
15 miles per hour. Average ambient wind speeds during the field test were generally low, with a 
maximum wind speed of about 6 m/s (13 mph). However, CPP's wind tunnel tests were conducted at 
wind speeds of greater than 6 m/s (13 mph). 

Analyses of the field data were conducted by MRI to replicate API's analysis and to determine 
the value of the wind speed correction factor when the vertical wind speed component is included. 
The first analysis replicated API's analysis, using only the horizontal wind speed measurements. A 
correction factor of 0.5 resulted. The second analysis used both the horizontal and vertical vectors of 
the wind speed measured on the floating deck. Daily average wind speeds were calculated for the 
5 month period used in the API analysis. A vector addition (Horiz^ + Vert^ = Total^) was then 
performed to determine a total deck wind speed vector for each daily average at both inner and outer 
locations. The ratio of deck to ambient wind speed was calculated for each data point and 
measurement location. An average ratio was then determined for the inner and the outer locations. 
These two ratios were then averaged and an average fitting wind speed correction factor of 0.69 was 
calculated. 

The field data indicate that a vertical wind speed component is present at the deck surface on 
an EFRT. However, no data are available to evaluate the effect of a vertical wind speed component 
on evaporative loss. Further, no wind tunnel data are available that quantify a vertical wind speed 
component for different tank configurations. 
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Previously, API recommended a wind speed correction factor of 0.5 based on their analyses of 
the wind tunnel and field data. Due to the fact that no data are available on the effects of the vertical 
wind speed component on evaporative loss, the most conservative approach is to use the factor 
calculated by MRI from the field data, even though the accuracy of the field data is uncertain, and the 
field data represent only one test condition. Therefore, the fitting wind speed correction factor 
recommended for use in AP-42 is 0.7. 

5.1.6 Deck Seam Loss Factor" *' ^"^"^^ 

In developing the IFRT deck seam loss factor, API assxmied that deck seam losses from 
welded decks are zero. The deck seam loss factor for bolted decks was calculated based on the 
difference in the average emissions fi'om two sets of pilot tank tests with all loss sources sealed and all 
loss sources but deck seams sealed. The IFRT deck seam loss factor previously in AP-42 was 
Kj) = 0.34 Ib-mole/ft-yr; it applied to both contact and noncontact internal floating decks with bolted 
deck seams. Additional testing has been conducted by CBI in their weight loss test facility on both 
contact and noncontact floating roof bolted deck seams of various sizes. The purpose of the additional 
testing was to develop and validate API's draft weight loss test method for the measurement of deck 
seam loss factors for intemal floating roof tanks. The test data may be found in References 17-19. 

5.1.6.1 Noncontact Deck Seam Data . The noncontact deck seam loss factor data include the 
pilot scale tank test data used in developing the old deck seam loss factor and data fi*om laboratory 
scale tests conducted using different sizes of pan-type assemblies. The laboratory scale deck seam test 
assemblies consist of panels bolted together with deck seams arid sealed over a rectangular reservoir 
which contains the test liquid. Two test assemblies are aised: a blank test assembly with no deck 
seams and a deck seam test assembly. The test assemblies are filled with a volatile test liquid of 
known properties (normal hexane) and are suspended from load cells. The rate of weight loss fi'om 
the test assembly is then measured over time and compared to the weight loss rate fi-om a blank 
assembly without deck seams to determine the deck seam loss factor. It was observed that for deck 
seams, the weight loss versus time data could be correlated using a linear relationship. Data are 
adjusted so a correlation is obtained at the average test temperature. Table 5-12 describes each 
noncontact deck seam assembly tested. 

The deck seam loss factor, Kj^, for each test is determined as follows. First, the vapor 
pressure fimction is calculated for the deck seam test assembly and the blank using the mean stock 
vapor pressure and mean test room atmospheric pressure during the test: 

P/P« 

1 + (1 - (P/Pa) ¥ 

where: 

P* = vapor pressure fiinction, dimensionless 
P = mean vapor pressure of test liquid, psia 
P^ = mean atmospheric pressure in test room, psia 

The loss factor for the test deck seam assembly is then determined using the loss rate, vapor pressure 
function, and stock vapor molecular weight, as follows: 
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F = E/P *M^Kc 



where: 



F = loss factor of the test assembly, Ib-mole/hr 

E = loss rate of the test assembly, Ib/hr 

P - vapor pressure function, dimensionless 

= vapor molecular weight of the test liquid, Ib/lb-mole 

K^. = product factor, dimensionless (for organics, = 1) 

The loss factor for the blank assembly is determined in the same manner. 

The deck seam loss factor, Kjj, for the test is then determined using the loss factors for the 
deck seam and blank test assemblies: 

_ (365.25:d/yr)(24 hild)W(Fo " ^b) 

K - — ■- 



4Lo 



where: 



Kj) = deck seam loss factor, Ib-mole/ft-yr 
Fj) - deck seam test assembly loss factor, Ib-mole/yr 
Fg = blank test assembly loss factor, Ib-mole/yr 
Lj) - total length of the test deck seams, ft 

Deck seam loss factors for each noncontact deck seam assembly tested are given in 
Table 5-12. The deck seam loss factors appear to vary with the size of the test assembly used. In 
addition, the perimeter seal loss rates for blank assembly tests 9 and 13 were an order of magnitude 
higher than expected, and CBI notes in the test report (Reference 18, Interim Report No. 7, October 7, 
1996) that it was expected that the perimeter seal loss factors for these tests would be closer to those 
measured in tests 4, 4R, and 9R. It was discovered that the assembly used for blank test 13 had a 
substantial leak. However, the repeat test, 13R, showed an even higher perimeter seal loss rate, so 
CBI used the data from test 13 to calculate the deck seam loss factor for test 12 in the test report. In 
addition, the temperature coefficients calculated for tests 13 and 13R are negative, indicating that as 
temperature increases, weight loss decreases. Therefore, MRI discarded blank tests 13 and 13R. MRI 
recalculated the deck seam loss factor for test 12 using test 9R as the blank, resulting in a deck seam 
loss factor of 0.030 Ib-mole/ft-yr, rather than 0.015 Ib-mole/ft-yr. 

5.1.6.2 Contact Deck Seam Data . The deck seam test data for intemal floating decks that 
contact the liquid surface include: (1) the pilot scale tank contact deck seam data used in the 
development of the current deck seam loss factor; (2) a "small" contact deck seam test assembly of the 
same dimensions as those in the noncontact deck seam tests; (3) a "large" contact deck seam test 
assembly; and (4) a small test assembly with one deck seam, tested by Petrex, Inc. in 1984. The test 
assemblies are described in Table 5-13. 



5-46 



TABLE 5-12. NONCONTACT DECK SEAM LOSS FACTORS BY TEST 



Deck seam loss factor 
test 


Test assembly 
description 


Test Nos. 


Deck seam loss 

factor, Kt) 
(Ib-mole/ft-yr) 


Deck seam 


Blank 


Pilot scale tank^ 


18' 10" diameter 
7'xl8' panels 
2 deck seams 


76R 


77 


0.12 


Large test cells 


6'xl6'8" panels 


8R 


9R 


0.089 




2 deck seams 


8 


9 


0.016 




Average 


0.053 




rxl6'8" panels 
6 deck seams 


12 


9R 


0.030 


Small test cells 


4"x4' panels 


1 


4 


0.017 




5 deck seams 


IR 


4R 


0.015 






2R 


4R 


0.010 






3 


4 


0.0051 






3R 


4R 


0.0064 




Average 


0.011 



'Used to develop old factor. 



TABLE 5-13. CONTACT DECK SEAM LOSS FACTORS BY TEST 



Deck seam loss factor 
test 


Test assembly 
description 


Test Nos. 


Deck seam loss 

factor, 
(Ib-mole/ft-yr) 


Deck seam 


Blank 


Pilot scale tank^ 


18' 10" diameter 
7'xl8' panels 
2 deck seams 


56 


55 


0.57 


Large test cell 


2'4"x7' panels 
6 deck seams 


10 


NA 


0.13 


Small test cell 


4"x4' panels 
5 deck seams 


5R 


7R 


0.11 


Petrex pan test 


12"x20" panel 
1 deck seam 


2 


1 


0.12 



Used to develop old factor. 
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A blank test assembly was not used for the "large" test assembly (test 10) because the 
perimeter seals were welded. Otherwise, the deck seam loss factors for each test assembly were 
calculated in the same mamier as those for the noncontact deck seams. The loss factors for each 
contact deck seam assembly tested are presented in Table 5-13. With the exception of the pilot tank 
test, the loss factors are very similar for the contact deck seam tests. 

5.1.6.3 Revised Deck Seam Loss Factor . It can be observed from Table 5-12 that the 
noncontact deck seam loss factors for the individual test assemblies vary with the size of the deck 
seam assembly tested. Sufficient data are not available to determine whether the variation is a direct 
result of the size of panel/assembly used, or due to some error or variation in test procedure or test 
assembly construction. However, the data available do suggest that as the size of the test assembly 
increases, the deck seam loss factor increases. The noncontact test data range in value from 0.0064 to 
0.12 Ib-mole/ft-yr. In contrast, the laboratory scale contact deck seam loss factors for the individual 
test assemblies are consistent with each other, ranging from 0.1 1 to 0.13 Ib-mole/ft-yr. The pilot test 
tank, however, exhibited a much higher loss factor of 0.57 Ib-mole/ft-yr. 

There are a few possible explanations for the higher loss factors from the pilot scale tank. For 
the pilot tank tests, tests were conducted (a) with all loss sources sealed, and (b) with all loss sources 
sealed except deck seams. The deck seam loss rate was determined as the difference in loss rate for 
these two tests. However, the loss rate experienced when all loss sources were sealed was still 
considerable in comparison to the loss rate attributed to the deck seams (for the case of the noncontact 
bolted deck, the loss rate attributed to the deck seams was only about 4 percent of the total loss rate). 
On the other hand, in the laboratory scale testing, the blank assembly loss rates were an order of 
magnitude lower than the deck seam assembly loss rates. 

There is a wide range in the data for the various test configurations. The data available are 
inconclusive in supporting the use of any particular size panel for loss factor development. In 
addition, a t-test showed that the means of the contact and noncontact data are not statistically 
different at the 95 percent confidence level. Therefore, an average deck seam loss factor was 
calculated for each test assembly construction and then those data were averaged to obtain a revised 
deck seam loss factor. The resulting average deck seam loss factor is 0.14 Ib-mole/ft-yr. This value is 
approximately 40 percent of the old deck seam loss factor of 0.34 Ib-mole/ft-yr. 



5.1.7 Vapor Pressure Functions 



Three alternative vapor pressure functions were considered for the vapor pressure scaling 
component of the floating roof tank equations. Those fimctions included two functions considered in 
different versions of API Publication 2519 and an alternative reconmiended by TRW. These three 
functions are: 



Py /14.7 



^.5 



1 + 



14.7 



P3* = (Py /14.7)N 
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where: 



Py = true vapor pressure (psia) 

N = a scaling exponent (optimal value to be determined from experimental data) 

Data from the 20-ft diameter pilot tank studies conducted by CBI were used to evaluate the 
relative merits of the three fimctions. These studies evaluated emissions for three types of IFRT 
decks—a bolted noncontact deck with vapor mounted flexible wiper seals (Phases 1 and IR), a welded 
contact deck with a liquid-mounted, resilient-filled seal (Phases 2 and 2R), and a bolted, contact deck 
with a vapor-mounted, resilient-filled seal (Phases 3 and 3R). Tests were conducted primarily for 
octane/propane mixtures, but limited single-component testing was conducted using n-hexane and 
n-octane. The analyses of the vapor pressure function used only the octane/propane mixture data. 

Evaluation of the vapor pressure fimctions was conducted in two stages. First, the data were 
evaluated to determine the optimal value of N for P3 . Then, using that value of N, linear regression 
analyses were performed for each of the three test phases (i) and each vapor pressure fimction (Pj ) to 
estimate the slope by for the equation: 

E = bijPj- 

These values, by, were then used to predict emissions for each test data point, and the correlation 
i between predicted and actual emissions was used to evaluate the different vapor pressure fimctions: 

To determine the optimal value of N, API first used the average emissions and vapor pressure 
for each test sequence within a test phase to estimate bj and for the three different phases by fitting 
the equation: 

E = bj (Py /14.7)^i 

Then the three values of Nj were averaged to obtain the optimal value of N. The estimates of Nj for 
the three phases ranged from 0.62 to 0.76 with an average of 0.68 (which API appropriately rounded 
to 0.7). 

A better statistical approach to this problem is to fit a single model, which permits different 
b;'s but only a single N, to the complete data set. Using the data presented in documentation file B.l, 
MRI conducted such an analysis and obtained an optimal value for N of 0.71, which is consistent with 
the API results. Hence, the use of N = 0.7 for P3 appears to be reasonable. 

In the second stage of the analyses, API fit separate regression models for each test phase and 
vapor pressure function and used these regression models to predict emissions for each test used in the 
analysis. Because the mmiber of data points was quite small (4 to 8 per test phase) and the 
predictions were developed for the same data sets that were used to develop the models, the 
correlation coefficients were predictably quite high. Furthermore, over the range of vapor pressures 
used in the analysis (0.7 to 6 psia), the values of the three fimctions differ very little. Because the 
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three functions provided comparable results, API chose to recommend Pj* because it was being used 
in API Publications 2517 and 2519 at the time of the analysis. 

As a part of this study MRI reviewed the API calculations and found them to be correct. 
However, the vapor pressure function has not been validated on an independent data set, so neither its 
validity nor its reliability is well established. Consequently, the performance of the function is 
uncertain. Furthermore, no information is available on its validity for vapor pressures greater than 
6 psia. A footnote in AP-42 tables that cautions the reader about the lack of information on the 
performance of the vapor pressure function at true vapor pressures greater than 6 psia is recommended. 

5.2 PREDICTIVE ABILITY - ACTUAL TANK TEST DATA 

5.2.1 Standing Storage Loss 

The standing storage loss equations (rim-seal and deck fitting, losses) were used to predict 
emissions based on actual storage tank parameters recorded from external floating roof tanks tested by 
the Western Oil and Gas Association (WOGA) in 1977.^ Table 5-14 presents the parameters recorded 
for each tank tested. As shown in Table 5-14, all of the tanks stored petroleum distillates. Therefore, 
possible biases in the emission estimation equation could be determined only for petroleum distillates. 
Analyses of the performance of this equation for different stored liquids were not possible. 



TABLE 5-14. TANK PARAMETERS RECORDED DURING TESTS BY THE 
WESTERN OIL AND GAS ASSOCIATION 



Tank 


Product type 


Tank 
diameter, ft 


Type of deck 


Tank construction 


Seal 

configuration 


WOGA 134 


Gasoline (RVP 9) 


153 


Double deck 


Riveted 


Shoe-mounted 


WOGA 1757 


Gasoline (RVP 9) 


67 


Pontoon 


Welded 


"Tube" 


WOGA 428 


J.P. 4 (RVP 6) 


78 


Pontoon 


Riveted 


Shoe-mounted 


WOGA 400 X 20 


Gasoline (RVP 9) 


85 


Double deck 


Welded 


Shoe-mounted 


WOGA 47 


Gasoline (RVP 10) 


90 


Pontoon 


Riveted 


Shoe-mounted 


WOGA 48 


Gasoline (RVP 10) 


90 


Pontoon 


Riveted 


Shoe-mounted 


WOGA 192 


Gasoline (RVP 11) 


115 


Double deck 


Riveted 


Shoe-mounted 


WOGA 20010 


Gasoline (RVP 9) 


55 


Double deck 


Welded 


Shoe-mounted 


WOGA 80210 


Light Naphtha (RVP 12) 


120 


Pontoon 


Welded 


"Tube" 


WOGA 330 


Gasoline (RVP 9) 


120 


Double deck 


Welded 


"Tube" 


WOGA 100514 


Gasoline (RVP 9) 


135 


Pontoon 


Riveted 


Shoe-mounted 



In the WOGA test report, both vapor-mounted and liquid-mounted rim-seals were 
characterized as "tube" seals. For the tanks that were reported to be equipped with "tube" seals, the 
emission estimation equations were used to predict emissions for two different assumed configura- 
tions—liquid- and vapor-mounted rim-seals. No specific information was available on the type and 
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status (gasketed, covered, etc.) of deck fittings on each external floating roof tank tested. However, 
the test report did state that the fittings on all the tanks met the following conditions: (1) deck leg 
openings were sealed; (2) emergency deck drains were at least 90 percent covered; (3) slotted gauging 
devices were equipped with a floating type plug; (4) roof guide openings were closed; and (5) all tank 
gauging or sampling devices were covered, except at the time of sampling. Due to the limited 
information available on fittings and other tank parameters, some assumptions were made. For 
example, tanks with pontoon decks are typically not equipped with deck drains. Also, most storage 
tanks are equipped with imslotted guide poles rather than slotted guide poles. However to account for 
possible deviations from this practice, the emission estimation equations were used to develop separate 
emission predictions for both slotted and unslotted guide poles. 

Table 5-15 presents the predicted and actual emissions from 11 tanks tested by WOGA. 
Column 1 presents the range in predicted emissions for liquid-mounted and vapor-mounted rim-seals 
for those tanks equipped with "tube" seals assuming the guide pole was slotted with an ungasketed 
cover and float. Colunm 2 presents the predicted emissions based on the assumption that all tanks are 
equipped with slotted guide poles with an ungasketed cover and float and Column 3 presents the 
predicted emissions assuming the guide pole is imslotted with a gasketed. cover. For tanks equipped 
with "tube" seals in Columns 2 and 3, it was assxmied that the tank was equipped with the type seal 
that more closely approximated actual emissions from the tank. This assumption will minimize the 
"estimation error", and if it is incorrect the error estimates will be biased low. For each tank, 
Column 4 presents the predicted emissions selected from either Column 2 or 3 that most closely 
approximated actual emissions from the tanks tested. 

In order to determine the predictive ability of the emission estimation equations, the relative: ' 
errors ([predicted emissions - actual emissions]/actual emissions) were calculated for Columns 2 
through 4. The values for the relative errors are shown in Table 5-16. After computing the relative 
errors, the mean, standard deviation, and variance of the relative errors were calculated for each: 
colimm of data. Table 5-16 also presents these values. 

A comparison of the means and standard deviations of the relative errors for Columns 2 and 3 
shows that the predicted emissions calculated assuming that the tanks were equipped with a slotted 
guide pole (Column 2) more closely approximate actual emissions than the predicted emissions 
calculated assuming that the tanks were equipped with an unslotted guide pole (Colxmm 3). The 
predicted emissions based on slotted guide poles (Column 2) overestimated actual emissions by 
65 percent on average; whereas, predicted emissions based on unslotted guide poles (Colimm 3) 
overestimated actual emissions by 99 percent on average. It should be noted that tanks are typically 
equipped with imslotted guide poles instead of slotted guide poles. Based on the mean relative error 
for Colunm 4, the best-estimate predicted emissions overestimated actual emissions by 68 percent on 
average. 

In addition to using actual parameters recorded during emission testing, the emission 
estimation equations were used to predict emissions using default values for the tanks with the 
exception of the type of seal specified. Default parameters included the paint color (white), the fittings 
(typical), and the meteorological data (temperature and wind speed) based on the tank's location. The 
predicted emissions assuming default values are presented in Column 5 of Table 5-14. The predictive 
ability of the emission estimation equations assuming default values was determined from the relative 
errors presented in Column 5 of Table 5-16. In addition. Table 5-16 presents the mean, standard 
deviation, and variance of the relative errors in Column 5. On average the predicted emissions 
assuming default values overestimated emissions by 72 percent, compared to 68 percent using actual 
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TABLE 5-15. PREDICTED AND ACTUAL EMISSION FROM TANKS TESTED 



BY THE WESTERN OIL AND GAS ASSOCIATION 



Tank 


Predicted 
emissions, Ib/d^ 
Column 1 


Predicted 
emissions, Ib/d*' 
Column 2 


Predicted 
emissions, Ib/d*^ 
Column 3 


Predicted 
emissions, Ib/d 
Column 4 


Default 
emissions, Ib/d 
Column 5 


Actual 
emissions, Ib/d 
Column 6 


WOGA 134 


NA 


86 


97 


86 


79 


33 


WOGA 1757 


54 - 103 


54 


109 


54 


60 


49 


WOGA 428 


NA 


58 


63 


63 


57 


108 


WULrA 4UU X zU 


XT A 
JNA 


12. 


no 
/o 


nn 


fy 




WOGA 47 


NA 


73 


86 


73 


74 


32 


WOGA 48 


NA 


73 


86 


73 


74 


33 


WOGA 192 


NA 


100 


115 


115 


96 


265 


WOGA 20010 


NA 


63 


69 


63 


58 


20 


WOGA 80210 


54 - 293 


66 


83 


66 


83 


25 


WOGA 330 


41 - 220 


41 


52 


52 


51 


52 


WOGA 100514 


NA 


63 


73 


73 


74 


167 



^Range of emissions assuming vapor-mounted and liquid-mounted seals. NA = not applicable. 
Assumes guide-pole was slotted with float. 
^Assumes guide-pole was unslotted with ungasketed cover. 



TABLE 5-16. RELATIVE ERRORS CALCULATED FOR PREDICTED EMISSIONS 



PRESENTED IN TABLE 5-15 



Data point 


Relative errors 
Column 2^ 


Relative errors 
Column 3^' 


Relative errors - 
Column 4^ 


Relative errors 
Column 5** 


WOGA 134 


1.61 


1.94 


1.61 


1.39 


WOGA 1757 


0.10 


1.22 


0.10 


0.22 


WOGA 428 


-0.46 


-0.42 


-0.42 


-0.47 


WOGA 400 X 20 


1.06 


1.23 


1.06 


1.26 


WOGA 47 


1.28 


1.69 


1.28 


1.31 


WOGA 48 


1.21 


1.61 


1.21 


1.24 


WOGA 192 


-0.62 


-0.57 


-0.57 


-0.64 


WOGA 20010 


2.15 


2.45 


2.15 


1.90 


WOGA 80210 


1.64 


2.32 


1.64 


2.32 


WOGA 330 


-0.21 


0.00 


0.00 


-0.02 


WOGA 100514 


-0.62 


-0.56 


-0.56 


-0.56 



^Mean value = 0.65: standard deviation ~ 1.03; and variance - 1.05. 

h 

Mean value = 0.99; standard deviation - 1.16; and variance = 1.36, 
*^Mean value = 0.68; standard deviation = 0.99; and variance = 0.98. 
**Mean value = 0.72; standard deviation = 1.05; and variance = 1.10. 
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tank parameters. 

5.2.2 Internal Floating Roof Emissions 

In Appendix B of the API documentation file on internal floating roof tanks, information 
regarding the predictive ability of the internal floating roof tank emission estimation procedures is 
presented. The basis of this study was an emission test on an intemal floating roof tank performed by 
Radian Corporation in May 1979.^^ Table 5-17 presents the tank configuration and stored liquid 
properties of the intemal floating roof tank tested. The measured emissions were 77.6 Ib/d. 



TABLE 5-17. FIELD TEST TANK PARAMETERS 



Tank description 


Type 


Intemal floating roof 


Diameter 


100 ft 


Shell height 


30 ft, 8 in. 


Product volume 


926,310 gallons 


Product type 


Regular, unleaded gasoline (RVP 10.4) 


Distillation slope 10% 


2.5 


Product temperature, °F 


77.5 


Product vapor pressure, psia 


7.4 


Product molecular weight, Ib/lb-mole 


62.4 


Intemal floating roof description: 


Type 


Welded, contact 


Rim-seal type 


Vapor-mounted, resilient foam-filled 


Deck fittings 


1 - Automatic gauge float well, unbolted cover, ungasketed 
13-Column well, built-up column, sliding cover, gasketed 
1 - Ladder well, sliding cover, gasketed 
28 - Adjustable deck legs 

1 - Sample Well, weighted mechanically actuated, ungasketed 
1 - Vacuum breaker, weighted mechanically actuated, ungaskested 
1 - Syphon drain 



In most cases, detailed information on the deck fittings is not available to the extent shown in 
Table 5-17. Therefore, the emission estimation procedures were used to predict emissions assuming 
different levels of knowledge regarding the status of the fittings that more closely approximates what a 
user of the intemal floating roof tank emission estimation procedures would do to model emissions. 

In the first scenario, the emission estimation procedures were used to predict emissions by 
using the fitting factors presented in Chapter 3 for all fittings except the sample well and syphon 
drains. For these fittings, a vacuum breaker was used to model emissions for the sample well and 
36 1-in. stub drains were used to model emissions from the syphon drain. The estimated emissions 
under this scenario are 48 Ib/d. In the second scenario, the tank was assumed to be equipped with 
typical fittings and the default quantities of those fittings. The estimated emission calculated under the 
second scenario are 32 Ib/d. Under the third scenario, the tank was assimied to be equipped with 
typical fittings but the number of the fittings was based on the actual tank data. The estimated 
emissions imder this scenario are 42 Ib/d. For all three scenarios, the estimated emissions underpredict 
the actual tank emissions of 77.6 Ib/d and the amoimt of the underprediction ranged from 38 to 
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59 percent. Using these scenarios, it appears that the internal floating roof tank emission estimation 
procedures have a tendency to underpredict emissions if detailed information is not available for the 
tank. However, due to the limited availability of actual tank test data, no conclusive findings can be 
presented on the predictive ability of the intemal floating roof tank procedures. 

5.3 SENSITIVITY ANALYSES 

A sensitivity analysis was performed on both intemal and external floating roof tanks to 
determine the independent variables that have the most influence on the emission estimating 
procedures. The results of these analyses can be used to determine the relative importance of defining 
a particular parameter for a tank. If the variable has a strong influence on emissions then it is 
important to measure that variable explicitly for the tank for which the emissions are estimated. 
Alternatively, if the variable has only a minor influence on emissions, then the default value for the 
parameter can be used without substantially biasing the emission estimate. In order to determine the 
influence of the independent variables on EFRT and IFRT standing storage losses (fitting, rim-seal, 
and deck seam losses) and withdrawal losses, default tanks were used as baseline cases. 

5.3.1 Standing Storage Loss 

5.3.1.1 External Floating Roof Tank . The default external floating roof tank is 153 feet in 
diameter and has a pontoon floating roof with typical deck fittings. This default tank stores gasoline 
(RVP 10) with a vapor molecular weight of 66 Ib/lb-mole. The shell and roof of the tank are painted 
white and the tank is located in Long Beach,. California (wind speed = 6.4 mph). Table 5-18 presents 
the results of the sensitivity analyses on EFRT standing storage losses (deck fitting and rim-seal 
losses). The variables that have the strongest influence on standing storage losses from EFRT's are 
the rim-seal factor, the wind speed, and the guidepole fitting factor. 

Emission estimates were generated for the default EFR tank for each type of seal 
configuration. As shown in Table 5-15, the emission estimates ranged from 37 Ib/d to 234 Ib/d. 
Based on the emission estimates for the different types of primary rim-seals, it is most important to 
determine whether the rim-seal is a vapor-mounted seal versus a liquid- or shoe-mounted seal. In the 
case of vapor-mounted seals, it is also important to know whether a secondary rim-seal is used on the 
tank because of the wide variability in the emission estimates (70 to 234 Ib/d) for a vapor mounted 
primary only seal and a vapor mounted primary with secondary rim-seals. For liquid-mounted seals, 
the variability with and without secondary rim-seals is not as significant as that for vapor-mounted 
rim-seals. The emission estimates for liquid-moimted rim-seals varied from 37 to 54 Ib/d. For shoe- 
moimted rim-seals, the variability with and without secondary rim-seals is slightly more pronounced 
than that for liquid-mounted rim-seals ranging from 43 to 103 Ib/d. Given the wide variability in the 
emission estimates among primary rim-seal configxirations, the reliability of the emission estimates 
depends strongly on identifying the primary rim-seal type for the tank. The relative importance of the 
secondary rim-seal configuration depends on the type of primary rim-seal used. 

The color of the shell is a variable in the emission estimation procedures. The color of the 
shell of the tank is used indirectly to determine the surface temperature of the stored liquid. For each 
color combination, a solar absorptivity factor is developed that accounts for the ability of the color to 
absorb or reflect heat. The lighter the color, the less heat absorbed and the lower the liquid surface 
temperature. The overall effect of shell color on the standing storage loss is fairly small for tanks that 
are painted with colors that have a high reflectivity such as white, aluminimi, etc. The effect becomes 
more pronounced if the tank color is a dark color such as red primer. For example, the emissions 
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TABLE 5-18. RESULTS OF SENSITIVITY ANALYSIS FOR THE STANDING STORAGE 
LOSS EQUATION FOR EXTERNAL FLOATING ROOF TANKS 





Standing storage losses, Ib/d 




Vapor-mounted primary 
rim-seal 


Liquid-mounted primary 
rim-seal 


Shoe-mounted primary 
rim-seal 


Independent variables 


None^ 


b 

rm^ 


ws^ 


None^ 


b 

rm° 




None^ 


b 

rm° 


d 

sm" 


Default tank® 


234 


70 


133 


54 


37 


44 


103 


43 


58 


Tank characteristics 




















1 . Paint color 




















a. Red primer 


312 


93 


178 


73 


49 


59 


137 


58 


77 


b. Aluminum/specular 


255 


76 


145 


59 


40 


48 


112 


47 


63 


2. Shell construction 




















a. Welded 


234 


70 


133 


54 


37 


44 


103 


43 


58 


b. Riveted 


NA 


NA 


NA 


NA 


NA 


NA 


125 


53 


87 


3. Deck type 




















a. Pontoon 


234 


70 


133 


54 


37 


44 


103 


43 


58 


b. Double deck 


232 


69 


132 


53 


36 


43 


101 


42 


57 


4. Fittings 




















a. Typical 


234 


70 


133 


54 


37 


44 


103 


43 


58 


b. Controlled 


205 


42 


105 


26 


9 


16 


74 


15 


30 


c. Guide-pole 




















/1^ f 

(1) usug' 


234 . 


70 


133 


54 


37 


44 


103 


43 


58 


(2) usgS 


214 


50 


113 


35 


17 


25 


83 


24 


38 


(3) sug or sg w/o float*^ 


255 


91 


155 


76 


59 


66 


124 


65 


79 


(4) sug or sg w/float* 


222 


58 


122 


43 


26 


33 


91 


32 


46 


Meteorological conditions 




















1 . Wind speed 




















a. 2 mph 


38 


17 


23 


18 


13 


14 


33 


14 


18 


b. 6.4 mph 


234 


70 


133 


54 


37 


44 


103 


43 


58 


c. 10 mph 


760 


268 


409 


95 


62 


76 


205 


73 


103 


2. Temperature 




















a. 00 -r zu r 


390 


117 


222 


91 


62 


74 


171 


72 


97 


b- 66°F 


234 


70 


133 


54 


37 


44 


103 


43 


58 


c. 66° -20°F 


143 


43 


81 


33 


23 


27 


63 


26 


35 


Liquid properties 




















1 , Vapor pressure 




















a. vp = 3.84 psia 


143 


43 


81 


33 


23 


27 


63 


26 


35 


b. vp = 5.74 psia 


234 


70 


133 


54 


37 


44 


103 


43 


58 


c. vp = 8.32 psia 


390 


117 


222 


91 


62 


74 


171 


72 


97 
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TABLE 5-18. (continued) 



Independent variables 


Standing storage losses, Ib/d 


Vapor-mounted primary 
rim-seal 


Liquid-mounted primary 
rim-seal 


Shoe-mounted primary 
rim-seal 


None^ 


rm^ 


ws^ 


None^ 


rm 


ws^ 


None^ 


rm*' 


sm^ 


2. Vapor molecular weight 




















a. MW = 46 Ib/lb-mole 


163 


49 


93 


38 


26 


31 


71 


30 


40 


b. MW = 66 Ib/lb-mole 


234 


70 


133 


54 


37 


44 


103 


43 


58 


c. MW = 86 Ib/lb-mole 


304 


93 


173 


71 


48 


58 


134 


56 


75 



^No secondary rim-seal. 
^'Rim-mounted secondary rim-seal. 
^^Weather shield. 

^Shoe-mounted secondary rim-seal. 

^The default tank is 153 feet in diameter and is located in Long Beach, California. The tank has a pontoon 
floating roof with typical deck fittings. The shell and roof of the tank are painted white. The stored liquid is 
gasoline (RVP 10) [VP = 5.74 at ambient conditions] with a vapor molecular weight of 66 Ib/lb-moie. The 
wind speed at the tank site is 6.4 miles per hour. The mean liquid surface temperature is 66°F. 

Ilnslotted, ungasketed. 

^Unslotted, gasketed. 

**S lotted, ungasketed or gasketed without float. 
'Slotted, ungasketed or gasketed with float. 
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estimate for the default EFR tank (painted white) with vapor-mounted primary seals was 234 Ib/d. 
However, if the actual paint color had been red primer, the emissions would have been underestimated 
by 25 percent. On the other hand, if the actual paint color had been aluminum, the emissions would 
have been underestimated by only 8 percent. 

The type of deck used, double-deck or pontoon, has no appreciable effect on the EFR emission 
estimates. The emission estimates assuming double-deck floating roofs are slightly lower (less than 
0.1 percent) than those generated for pontoon decks. 

A comparison of the emission estimates when the tank is assumed to be equipped with typical 
deck fittings versus being equipped with controlled fittings indicates that the emission estimates using 
controlled fittings are 12 to 75 percent less than the estimates using typical fittings. However, the one 
fitting that has a significant effect on the emission estimate is the guide pole. The use of a slotted 
guide pole rather than an unslotted guide pole can result in total emission increases firom 10 to over 
200 percent depending upon the type of rim-seal used on the tank. Emission estimates for tanks 
equipped with the more efficient rim-seal systems are more effected by inaccuracies associated with 
incorrect specification of the configuration of the guide pole than are those with inefficient rim-seal 
systems. 

As expected, the wind speed at the tank's location is a dominant factor in the emission 
estimates from the storage tank. The wind speed of the default tank was 6.4 miles per hour (mph). 
The emission estimates for the default tank were recalculated assuming wind speeds of 2 and 10 mph. 
A wind speed of 10 mph is the default value recommended by API for use if no other data are 
available. The lower wind speed of 2 mph resulted in a 50 to 85 percent decrease in emissions fi*om 
those estimated at a wind speed of 6.4 mph. The higher wind speed of 10 mph resulted in a 70 to 
280 percent increase in emissions fi^om these estimated at a wind speed of 6.4 miles per hour. These 
results highlight the importance of accurate wind speed measurements for estimating emissions. 

The sensitivity of both the temperature and vapor pressure were examined concurrently since 
vapor pressure is dependent upon the liquid surface temperature. The base case temperature and vapor 
pressure conditions are 66°F and 5.74 psia. A temperature change of ±20°F degrees results in vapor 
pressures of 3.84 psia and 8.32 psia. At the lower temperature and vapor pressure, the emission 
estimates are reduced by about 40 percent fi-om the base case. At the higher temperature and vapor 
pressure, the emission estimates are 65 to 69 percent higher than those estimated at the base case 
conditions. 

A change in the vapor molecular weight of the mixture also results in changes in the emission 
estimates. Vapor molecular weights of crude oils and gasolines can vary by as much as 40 Ib/lb-mole. 
The base case molecular weight is 66 Ib/lb-mole. At the lower molecular weight of 46 Ib/lb-mole, the 
emission estimates resulted in a 30 percent reduction firom those calculated at 66 Ib/lb-mole. At the 
higher molecular weight of 86 Ib/lb-mole, the emission estimates increased by 30 percent fi-om those 
generated at 66 ib/lb-mole. 

5.3.1.2 Internal Floating Roof Tank . The default IFR tank is 50 feet in diameter and has a 
bolted deck with typical fittings. The default tank stores acetone, which has a molecular weight of 
58 Ib/lb-mole. The shell and roof of the tank are painted white and the tank is located in Greensboro, 
North Carolina. Table 5-19 presents the results of the sensitivity analyses on IFR standing storage 
losses (deck fitting, rim-seal, and deck seam losses). The variables that have the strongest influence 
on estimating IFR standing storage losses are the physical properties of the liquid (liquid type, vapor 
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TABLE 5-19. RESULTS OF SENSITIVITY ANALYSIS FOR THE 
STANDING STORAGE LOSS EQUATION FOR INTERNAL FLOATING ROOF TANKS 





Standing storage losses, Ib/d 




Vapor-mounted primary rim-seal 


Liquid-mounted primary rim-seal 


Independent variables 


None^ 


ss^ 


None* 


ss** 


ueiauit lanK 


U.J 






s 


Tank characteristics 










L Paint color 










a. Red primer 


8.4 


5.8 


5.4 


4.7 


b. Aluminum 


6.9 


4.7 


4.4 


3.8 


ivooi lypc 










a. Column-supported 


6.3 


4.3 


4.1 


3.5 


b. Self-supported 


5.2 


3.3 


3.0 


2.4 












a. Bolted 


6.3 


4.3 


4.1 


3.5 


b. Welded 


,4-6 


2.6 


2.4 


1.8 


4. Deck construction 










a. Cont. sheet 5 ft 


6.3 


4.3 


4.1 


3.5 


b. Cont. sheet 6 ft 


6.1 


4.1 


3.8 


3.3 


c. Cont. sheet 7 ft 


5.9 


3.9-- 


3.6 


3.1 


d. Panel 5 x 7.5 


7.3 


5.3 


5.1 


4.5 


e. Panel 5x12 


6.9 


4.9 


4.7 


4.1 


5. Fittings 










a. 1 ypicai 


6.3 


"' 4.3'' ■ 


4.1 


3.5 


b. Controlled 


5.6 


*3.6* ; 


3.4 


2.8 


Meteorological conditions 




1. Temperature 










a. +20°F 


11.2 


7.7 


7.2 


6.2 


b. -20°F 


3.5 


2.4 


2.3 


1.9 


Liquid properties 




1 . Vapor pressure 










a. vp = 2.91 psia 


6.3 


4.3 


4.1 


3.5 


b. vp = 1 .69 psia 


3.5 


2.4 


2.3 


1.9 


c. vp = 4.76 psia 


11.2 


7.7 


7.2 


6.2 


2. Vapor molecular weight 










a. MW = 38 Ib/lb-mole 


4.1 


2.8 


2.7 


2.3 


b. MW = 58 Ib/lb-mole 


6.3 


4.3 


4.1 


3.5 


c. MW = 78 Ib/Ib-mole 


8.5 


5.8 


5.5 


4.7 


Liquid type 




a. Organic liquid (2.91 psia) 


6.3 


4.3 


4.1 


3.5 


b. Gasoline (RVP 10) 


13.7 


9.4 


8.9 


7.6 


c. Crude oil (RVP 5) 


2.1 


1.5 


1.4 


1.2 



^o secondary rim-seal. 

^m -mounted secondary rim-seal. 

*^e default tank is 50 feet in diameter and is located in Greensboro, North Carolina. The tank has a 
bolted deck with typical deck fittings. The shell and roof of the tank are painted white. The stored 
liquid is acetone [vp = 2.91 at ambient conditions] with a vapor molecular weight of 58 Ib/lb-mole. 
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estimate for the default EFR tank (painted white) with vapor-mounted primary seals was 234 Ib/d. 
However, if the actual paint color had been red primer, the emissions would have been underestimated 
by 25 percent. On the other hand, if the actual paint color had been aluminum, the emissions would 
have been underestimated by only 8 percent. 

The type of deck used, double-deck or pontoon, has no appreciable effect on the EFR emission 
estimates. The emission estimates assimiing double-deck floating roofs are slightly lower (less than 
0.1 percent) than those generated for pontoon decks. 

A comparison of the emission estimates when the tank is assumed to be equipped with typical 
deck fittings versus being equipped with controlled fittings indicates that the emission estimates using 
controlled fittings are 12 to 75 percent less than the estimates using typical fittings. However, the one 
fitting that has a significant effect on the emission estimate is the guide pole. The use of a slotted 
guide pole rather than an unslotted guide pole can result in total emission increases from 10 to over 
200 percent depending upon the type of rim-seal used on the tank. Emission estimates for tanks 
equipped with the more efficient rim-seal systems are more effected by inaccuracies associated with 
incorrect specification of the configuration of the guide pole than are those with inefficient rim-seal 
systems. 

As expected, the wind speed at the tank's location is a dominant factor in the emission 
estimates from the storage tank. The wind speed of the default tank was 6.4 miles per hour (mph). 
The emission estimates for the default tank were recalculated assuming wind speeds of 2 and 10 mph. 
A wind speed of 10 mph is the default value recommended by API for use if no other data are 
available. The lower wind speed of 2 mph resulted in a 50 to 85 percent decrease in emissions from 
those estimated at a wind speed of 6.4 mph. The higher wind speed of 10 mph resulted in a 70 to 
280 percent increase in emissions from these estimated at a wind speed of 6.4 miles per hour. These 
results highlight the importance of accurate wind speed measurements for estimating emissions. 

The sensitivity of both the temperature and vapor pressure were examined concurrently since 
vapor pressure is dependent upon the liquid surface temperature. The base case temperature and vapor 
pressure conditions are 66°F and 5.74 psia. A temperature change of ±20°F degrees results in vapor 
pressures of 3.84 psia and 8.32 psia. At the lower temperature and vapor pressure, the emission 
estimates are reduced by about 40 percent from the base case. At the higher temperature and vapor 
pressure, the emission estimates are 65 to 69 percent higher than those estimated at the base case 
conditions. 

A change in the vapor molecular weight of the mixture also resuhs in changes in the emission 
estimates. Vapor molecular weights of crude oils and gasolines can vary by as much as 40 Ib/lb-mole. 
The base case molecular weight is 66 Ib/lb-mole. At the lower molecular weight of 46 Ib/lb-mole, the 
emission estimates resulted in a 30 percent reduction from those calculated at 66 Ib/lb-mole. At the 
higher molecular weight of 86 Ib/lb-mole, the emission estimates increased by 30 percent from those 
generated at 66 Ib/lb-mole. 

5.3.1.2 Internal Floating Roof Tank . The default IFR tank is 50 feet in diameter and has a 
bolted deck with typical fittings. The default tank stores acetone, which has a molecular weight of 
58 Ib/lb-mole. The shell and roof of the tank are painted white and the tank is located in Greensboro, 
North Carolina. Table 5-19 presents the results of the sensitivity analyses on IFR standing storage 
losses (deck fitting, rim-seal, and deck seam losses). The variables that have the strongest influence 
on estimating IFR standing storage losses are the physical properties of the liquid (liquid type, vapor 
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TABLE 5-19. RESULTS OF SENSITIVITY ANALYSIS FOR THE 
STANDING STORAGE LOSS EQUATION FOR INTERNAL FLOATING ROOF TANKS 





Standing storage losses, Ib/d 




Vapor-mounted primary rim-seal 


Liquid-mounted primary rim-seal 


Independent variables 


None^ 


ss^ 


None^ 




Dpfaiilt tank'*' 


6.3 


4.3 


4.1 


3.5 


Tank characteristics 










1. Paint color 










a. Red primer 


8.4 


5.8 


5.4 


4.7 


b. Aluminum 


6.9 


4.7 


4.4 


3.8 


2. Roof type 










a. Column-supported 


6.3 


4,3 


4.1 


3.5 


b. Self-supported 


5.2 


3.3 


3.0 


2.4 


^ Dprlf tvnp 










a. Bolted 


6,3 


4.3 


4.1 


3.5 


b. Welded 


.4.6 


2.6 


2.4 


1.8 


4. Deck construction 










a. Cont. sheet 5 ft 


6,3 


4,3 


4.1 


3.5 


b. Cont. sheet 6 ft 


6.1 


4.1 


3.8 


3.3 


c Pnnt <:hppt 7 ft 


5.9 


■ 3.9 ■ 


3.6 


3.1 


d. Panel 5 x 7.5 


7.3 


5.3 


5.1 


4.5 


e. Panel 5 x 12 


6.9 


4.9 


4.7 


4.1 


- _. . 

D. rlttmgS 










a. Typical 


6.3 


"4.3' ' 


4.1 


3.5 


b. Controlled 


5.6 


3.6^ 


3.4 


2.8 


Meteorological conditions 




1 . Temperature 










a. +20^^ 


11.2 


7.7 - 


7.2 


6.2 


D. -zu r 


3.5 


2.4 


2.3 


1.9 


Liquid properties 




1 . Vapor pressure 










a. vp = 2.91 psia 


6.3 


4.3 


4.1 


3.5 


b. vp ~ 1.69 psia 


3.5 


2,4 


2.3 


1.9 


c. vp = 4.76 psia 


11.2 


7.7 


7.2 


6.2 


2. Vapor molecular weight 










a. MW = 38 Ib/lb-mole 


4.1 


2.8 


2.7 


2.3 


b. MW = 58 Ib/lb-mole 


6.3 


4.3 


4.1 


3.5 


c. MW = 78 Ib/lb-moIe 


8.5 


5.8 


5.5 


4.7 


Liquid type 




a. Organic liquid (2.91 psia) 


6.3 


4.3 


4.1 


3.5 


b. Gasoline (RVP 10) 


13.7 


9.4 


8.9 


7.6 


c. Crude oil (RVP 5) 


2.1 


1.5 


1,4 


1.2 



^o secondary rim-seal. 
^'Rim-mounted secondary rim-seal. 

*^The default tank is 50 feet in diameter and is located in Greensboro, North Carolina. The tank has a 
bolted deck with typical deck fittings. The shell and roof of the tank are painted white. The stored 
liquid is acetone [vp = 2.91 at ambient conditions] with a vapor molecular weight of 58 Ib/lb-mole. 
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pressure, and molecular weight). For IFRT's, the configuration of the tank does not have as much 
influence on the estimated standing storage loss as for external floating roof tanks. 

Emission estimates were generated for the default IFR tank for each type of rim-seal 
configuration. As shown in Table 5-19, the emission estimates ranged from 3.5 Ib/d to 6.3 Ib/d. With 
regard to rim-seal type, the estimated emissions for the rim-seal configurations presented in Table 5-16 
indicate that it is most important to identify the use of a vapor-mounted primary seal without a 
secondary seal versus the use of all other seal configurations. For the vapor-mounted seal without a 
secondary seal, the emission estimate is 6.3 Ib/d. For the vapor-mounted rim-seal with a secondary 
rim-seal and for the liquid-mounted rim-seal with and without a secondary rim-seal, the emission 
estimates are 4.3, 3.5, and 4.1 Ib/d, respectively. 

The color of the shell is a variable in the IFR emission estimation procedxu-es. The emissions 
estimate for the default tank (white) with a vapor-mounted primary seal was 6.3 Ib/d. However, if the 
actual paint color had been red primer, the emissions would have been underestimated by 25 percent; 
if the actual paint color had been aluminum, the emissions would have been underestimated by 
9 percent. 

The type of fixed roof used has a minor influence on the IFR standing storage loss emissions. 
Column-supported fixed roofs resulted in higher emission estimates than self-supported fixed roofs 
because of the deck penetration required to accommodate the columns in the tank. The emission 
estimates for column-supported fixed roofs are 23 to 27 percent higher than those for self-supported 
fixed roofs. 

The type of deck used, bolted or welded, has a similar effect on the IFR emission estimates as 
the rim-seal configuration. The emission estimates assuming bolted decks are higher than those from 
welded decks because of the deck seam losses for bolted IFR decks. The emission estimates for 
welded decks are 25 to 40 percent lower than those for bolted decks. In addition, the construction of 
the bolted deck has a minor influence on the emission estimates. Five basic deck construction 
parameters were examined to determine the effect of the variation of the deck construction on IFR 
standing storage losses. The emission estimates can vary from an underestimate of 3 to 10 percent to 
an overestimate from 10 to 20 percent. 

The sensitivity of the estimating equations to whether controlled or uncontrolled fittings are 
specified is small compared to other factors. The emission estimates are decreased by 11 to 20 percent 
when controlled fitting factors are used versus typical fitting factors. 

The sensitivity of both the temperature and vapor pressure were examined concurrently 
because vapor pressure is dependent upon the liquid surface temperature. The base case temperature 
and vapor pressure are 66^F and 2.41 psia. A temperature change of +20*^F resulted in vapor 
pressures of 1.69 psia and 4.76 psia. At the lower temperature and vapor pressure, the emission 
estimates were reduced by approximately 45 percent. At the higher temperature and vapor pressure, 
the emission estimates were 75 to 80 percent higher than those estimated at the base case conditions. 

A change in the vapor molecular weight also results in changes to the emission estimates. At 
the lower vapor molecular weight selected for the sensitivity analysis, 38 Ib/lb-mole, the estimated 
emissions are 35 percent less than the estimated emissions for the base case, 58 Ib/lb-mole. At the 
higher molecular weight selected for the sensitivity analysis, 78 Ib/lb-mole, the emission estimates 
increased by approximately 35 percent over those calculated at the base case molecular weight, 
58 Ib/lb-mole. 
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As expected, the type of liquid stored in the tank has the strongest influence on the IFR 
emission estimates. For example, if the tank had been storing crude oil (RVP 5) rather than acetone, 
the emission estimates would have been overestimated by 200 to 300 percent. If the tank had been 
storing gasoline (RVP 10) instead of acetone, the emission estimates would have been underestimated 
by approximately 46 percent. Therefore, it is very important to determine the type(s) of liquid(s) 
stored in the tank during the period over which the emission estimates are calculated. 

5.3.2 Withdrawal Loss 

In terms of overall emissions from floating roof tanks, the independent variables in the 
withdrawal loss equation have a fairly insignificant effect because the majority of the emissions occur 
from standing storage. Typically, withdrawal loss emissions account for less than 5 percent of the 
overall emissions from floating roof tanks. However, it should be noted that as the tank diameter 
increases, the sensitivity of the withdrawal loss equation to certain variables increases. 

5.3.2.1 External Floating Roof Tanks . The independent variables evaluated during the 
sensitivity analysis of the withdrawal loss equation for external floating roof tanks consisted of the 
shell condition, the turnover rate, and the liquid type. The results of the analysis are presented in 
Table 5-20. All three factors have an effect on emissions, but shell condition has the greatest effect. 

Table 5-20 shows that the condition of the tank shell (light riist, dense rust, or gunite lined) 
has a greater effect on estimated emissions from crude oils than from gasolines. The default value for 
the shell condition is light rust. However, if the tank is gunite lined, the withdrawal loss is • 
dramatically underestimated compared to the base case, especially for crude oils (40 lb/>T versus 
,4,000 Ib/yr). 

The influence of the turnover rate on EFR emissions is fairly insignificant compared to the 
effect of the shell condition or the effect of turnovers on fixed roof tanks. At 10 turnovers per year, 
EFRT withdrawal losses were estimated to be 14 Ib/yr. At 100 turnovers per year, withdrawal losses 
were estimated at 140 Ib/yr. 

The type of liquid stored in the tank has a small impact on estimating EFRT withdrawal 
losses. Estimated withdrawal losses for gasoline are 26 Ib/yr less than those estimated for crude oil. 
The higher withdrawal loss estimate for crude oil is a result of the higher clingage factor for heavy 
crudes than for lighter gasolines. Heavy crude oils tend to cling to the tank shell more than the lighter 
gasolines. 

5.3.2.2 Internal Floating Roof Tanks . The independent variables evaluated during the 
sensitivity analysis of the withdrawal loss equation for IFRT's consisted of the column diameter, roof 
type, shell condition, and the turnover rate. The results of the analysis are presented in Table 5-21. 
Shell condition has the greatest effect on estimated withdrawal losses. Turnover rate also has an effect 
on estimated withdrawal loss. However, roof type essentially has no effect on estimated withdrawal 
loss. 

Table 5-21 shows that the condition of the tank shell (light rust, dense rust, or gunite lined) 
has a greater effect on estimated withdrawal loss when storing crude oil than when storing other 
volatile organic liquids. The default value for the shell condition is light rust. However, if the tank is 
gxmite lined, the withdrawal losses are underestimated dramatically compared to the base case, 
especially for crude oils (310 Ib/yr versus 31,000 Ib/yr). 
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TABLE 5-20. SENSITIVITY ANALYSIS OF WITHDRAWAL 
LOSSES FROM EXTERNAL FLOATING ROOF TANKS 



inucpcnucni variapies 


Withdrawal loss, Ib/yr 


oucii conuiiion 




Gasoline (RVP 8.5) 

a. Light rust 

b. Dense rust 


14 
67 

1 inn 


Crude Oil (RVP 5) 

5> lidht met 

a. iigiii 1 Udi 

b. dense rust 

c. gunite lined 


dn 
200 
4,000 


Tiirnr»v**r ratf*^ 




a. 10 turnovers per year 

b. 50 turnovers per year 

c. 100 turnovers per year 


14 
67 
140 


Liquid type^ 




a. Crude oil (RVP 5) 

b. Gasoline (RVP 8.5) 


40 
14 


^Based on 10 turnovers per year. 
^Based on gasoline (RVP 8.5). 




TABLE 5-21. SENSITIVITY ANALYSIS OF WITHDRAWAL 
LOSSES FROM INTERNAL FLOATING ROOF TANKS 


Independent variables 


Withdrawal loss, Ib/yr 


Shell condition 




Volatile organic liquids 

a. Light rust 

b. Dense rust 

c. Gunite lined 


110 
570 
11,000 


Crude oils 

a. Light rust 

b. Dense rust 

c. Gunite lined 


310 
1,500 
31,000 


Turnover rate 




a. 10 turnovers per year 

b. 50 turnovers per year 

c. 100 turnovers per year 


23 
110 
230 


Roof type 




a. Column-supported 

b. Self-supported 


110 
110 


Column diameter 




a. Built-up 

b. Pipe 

c. Unknown 


110 
110 
110 
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The type of liquid stored in the tank has an impact on the estimated withdrawal losses. 
Estimated withdrawal losses for acetone were 2.7 times lower than the estimated losses for crude oils 
(1 10 Ib/yr versus 310 Ib/yr). The higher estimated losses for crude oil is a result of the higher 
clingage factor for heavy crudes than for lighter volatile organic liquids. Heavy crude oils tend to 
cling to the tank shell more than the lighter volatile organic liquids. 

In the case of the turnover rate, the influence of the turnover rate on emissions is fairly 
insignificant compared to the effect of the shell condition or the effect of turnovers on fixed roof 
tanks. At 10 turnovers per year, estimated emissions are 23 Ib/yr. At 100 turnovers per year, 
estimated emissions are 230 Ib/yr. 

The type of fixed roof has an insignificant effect on the withdrawal loss emissions. A column- 
supported fixed roof, in theory, has a higher withdrawal loss than that of a self-supported fibced roof 
because of the clingage of the liquid on the colunms in the coliunn-supported fixed roofs. However, 
the diameter of the columns are fairly small, therefore, the difference between the estimated 
withdrawal losses between the different roof types is insignificant (within two significant figures). 

The column diameter also is a variable in IFR withdrawal loss for the same reason as that 
stated above for a column-supported internal floating roof tank. As with the column-supported fixed 
roofs, the column diameter has essentially no effect on the working loss emissions. Column diameters 
typically range from 0.8 to 1.1 ft. The use of the various column diameters did not produce any effect 
on the overall withdrawal loss estimate of 1 10 Ib/d. 

5.4 CONCLUSIONS 

The results of these analyses support the continued use of the API floating roof tank estimating 
equations in AP-42. The estimating equations for tanks with mechanical shoe rim-seals appear to be 
very reliable for estimating emissions for large tank populations. The equations for the liquid- and 
vapor-mounted resiUent-filled rim-seals are less reliable than those for mechanical shoe seals, but they 
provide reasonable estimates for large tank populations. While the equations do provide good 
estimates of emissions for tank populations, their ability to present reliable estimates for single tanks is 
limited. Assuming all input parameters for a single tank are correct, the inherent xmcertainty in the 
coefficients used makes the emission estimate imprecise. The 95 percent confidence interval for 
annual emissions from a single tank typically spans an order of magnitude or more. 
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6. SUMMARY OF CHANGES TO AP-42 SECTION 



The following sections summarize the major changes made since the previous version of 
Section 7.1 -Organic Liquid Storage Tanks (February 1996) of AP-42 (5th edition). 

6.1 CHANGES TO SECTION NARRATIVE 

The example calculations have been moved to the back of the section. Corrections were made 
to indicate that the liquid density, not the condensed vapor density, is used for petroleum liquids when 
estimating withdrawal loss. 

6.2 CHANGES TO EMISSION ESTIMATION PROCEDURES AND FACTORS 

6.2.1 Fixed Roof Tanks 

No changes were made to the emission estimation procedures and factors for fixed roof tanks. 

6.2.2 Floating Roof Tanks 

The major changes made to the emission estimation procedures and factors for floating roof 
tanks include: 

1 . New factors for slotted guidepole gasketed sliding cover, with pole sleeve and pole wiper, 
were added to Table 7.1-12. The factors are: 

Kp3 = 8.3,Kpb = 4.4,m= 1.6 

2. The deck seam loss factor, K^j, used in Equation 3-35 for IFRT's with bolted decks, was 
revised. The new factor is 0.14. 
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